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Abstract
Herbivorous molluscs represent one of the greatest grazing impacts on abundance and diversity of
primary producers in benthic ecosystems. However, shell biomineralization and the effects of nutritional
content of kelp species on the physiological rate of herbivorous snails inhabiting intertidal-subtidal
environments have scarcely been evaluated. Here, we investigated the mineralogy and organic
composition of the shell on the marine turban snail Tegula atra. In addition, we conducted manipulative
experiments to compare the nutritional quality of two kelp species, Lessonia spicata and Macrocystis
pyrifera, and their in�uence on the feeding behavior and physiological rates of this snail species. Our
results showed that the shell of T. atra consists of an outer calcitic and an inner aragonitic layer. Proteins
were the main organic compounds at the inner surface of the shell, which showed an inverse pattern
respect to carbonate signal. Experimental results demonstrated that L. spicata had the highest nutritional
value (i.e., high organic matter and protein content), and was the preferred alga, compared with M.
pyrifera in a choice experiment. However, no signi�cant differences on consumption rate were found
when the snails were maintained on a single algal species. Absorption e�ciency and oxygen uptake were
signi�catively higher for snails reared with L. spicata than M. pyrifera, but growth rate was similar. These
results suggest that high metabolic activity was compensated by the high absorption e�ciency of T. atra
when it consumed the preferred L. spicata, which could explain the lack of relationship between
preference and growth rate. 

1. Introduction
In coastal ecosystems, macroalgal productivity and diversity provide habitat and food for many
organisms, transferring energy to higher trophic levels (Steneck et al. 2002; Grilo et al. 2019; Fraser et al.
2020). In addition, abundance, and composition of primary producers (e.g., kelp forests) can be strongly
controlled by foraging strategies of grazing herbivores (Vásquez and Buchmann 1997; Veliz and Vásquez
2000; Henríquez et al. 2011; Oróstica et al. 2014; Zarco-Perello et al. 2021). Consequently, for several
marine organisms that inhabit coastal areas, their feeding preferences, consumption and growth rates
may vary following changes in quantity and quality of foods item types (Lawrence 1975; Foster et al.
2015; Quintanilla-Ahumada et al. 2018). Indeed, a consumer experiencing low nutritional quality or
inappropriate diet may modify its ingestion, absorption and/or respiration rates (Cross et al. 2005; Cox
and Murray 2006; Remy et al. 2017; Grilo et al. 2019). Therefore, the nutritional value of food may impact
metabolism, energy balance, and the growth rate of marine organisms (Cross et al. 2005; Duarte et al.
2010, 2011; Remy et al. 2017).

Herbivores are dependent on the nutritive value of macroalgae. The nutritional quality of macroalgae,
including carbohydrates, proteins, organic matter, and the C:N ratio, have all been shown to play an
important role in the feeding preferences of marine herbivores. Thus, the elevated energy content of food
and/or its nutritive value, which increases energy gain, may be the key to survival, growth, reproduction,
and �tness (Jormalainen et al. 2001; Cruz- Rivera and Hay 2003; Barile et al. 2004; Duarte et al. 2010,
2011). Therefore, any change in the nutritional quality of macroalgae may alter the physiological
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processes and energy balance of herbivores. However, several behavioral feeding strategies have been
reported by herbivorous organisms, which allow them to adjust their diet, and maintain and/or enhance
their growth rate (e.g., Simpson and Simpson 1990; Barile et al. 2004; Cruz Rivera and Hay 2001, 2003).
Among marine herbivorous organisms, the nutritional quality of algae (i.e., especially nitrogen and/or
protein content) has been considered one of the most important components that can affect food
consumption and food preference (Mattson 1980; Duffy and Hay 1991; Cruz-Rivera and Hay 2000; Barile
et al. 2004). Thus, the selection of food has been related to diets with higher nutritional value and are
therefore mostly consumed by herbivorous organisms (Cruz-Rivera and Hay 2003; Barile et al. 2004;
Duarte et al. 2011). The consumption of preferred diets with high nutritional content have been shown to
modify physiological traits but are not always re�ected for the highest growth rates of grazers (e.g.,
Duarte et al. 2011, 2014; Quintanilla-Ahumada et al. 2018).

Along the benthic ecosystem of the Chilean coast, grazing plays an important role in the recovery, spatial
structure, and distribution of kelps forest species (e.g., Macrocystis pyrifera, Lessonia spicata, Lessonia
trabeculata) (Oróstica et al. 2014; Vásquez and Buchmann 1997; Henríquez et al. 2011). However, shell
biomineralization patterns, feeding behaviour and physiological traits of herbivorous gastropods
inhabiting intertidal and shallow subtidal areas have been scarcely evaluated, and even less is known
about how nutritionally these kelps species can modify their performance. The herbivorous snail Tegula
atra (Lesson) (Fig. 1), is a marine snail that inhabits the Peruvian coastline from (7° 24’ S) to the straits of
Magallanes (53º 28’ S), and Chilean Patagonia. It has been described as highly dominant in terms of
abundance and density on the intertidal and upper subtidal rocky shores of Northern and Southern Chile
(Veliz and Vásquez 2000; Vásquez and Buchmann 1997; Vásquez et al. 1998). Along these shores, T. atra
is associated with two large brown algae species (i.e., Macrocystis pyrifera and Lessonia spicata) (Veliz
and Vásquez 2000; Vásquez and Buchmann 1997; Vásquez et al. 1998), suggesting that it is an
important grazer upon M. pyrifera, especially in protected areas of Southern Chile (Vásquez and
Buchmann 1997). In addition, T. atra also consumes L. spicata (formerly Lessonia trabeculata), and has
played an important role in the recovery, spatial structure, and distribution of kelp forest species where
they are principally associated, and therefore, (Veliz and Vásquez 2000; Vásquez and Buchmann 1997;
Henríquez et al. 2011; Oróstica et al. 2014; Elliott Smith et al. 2021) present a greater contribution to
herbivory in these coastal areas. Both kelp species are considered dominant in subtidal and intertidal
rocky shore habitats (Veliz and Vásquez 2000; Vásquez and Buchmann 1997). Previous studies have
demonstrated that these kelp species differ in their nutritional quality (e.g., Gomez and Westermeier 1995;
Duarte et al. 2010), and this may affect the feeding behaviour and physiological traits of T. atra. In
addition to their ecological relevance, T. atra also has commercial importance, with landings that reached
78 t in 2014 (Yañez et al. 2017). However, very few autoecological studies have evaluated the feeding
ecology, shell biomineralogy, and the physiological performance of T. atra as a model species.

The aim of this study was to describe, for the �rst time, the shell biomineralization properties of T. atra,
and to evaluate under experimental laboratory conditions the feeding behaviour and physiological traits
of this snail. We hypothesized that T. atra will preferentially consume algae with the highest nutritional
value (e.g., with high organic matter and protein content), and this will achieve highest absorption
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e�ciency, and growth rate. Hence, those individuals that fed on this macroalgae species will obtain larger
amounts of energy to meet their physiological demands.

2. Materials And Methods

2.1 Animal and kelp collection
Individuals of T. atra (~2.3 cm ± 0.01 SE in shell length and 4.8 ± 0.1 g of wet weight) were collected
during the summer of 2019 from Calfuco beach, Southern Chile (ca. 39° S). After collection, the snails
were transported to the coastal laboratory of the Universidad Austral de Chile (Valdivia, Chile) and
maintained in aquaria (50 l) with �ltered seawater (ca.12°C), and constant aeration and a natural
light/dark cycle before the start of the experiment. In addition, fresh kelps (i.e., Lessonia spicata and
Macrosystis pyrifera) were collected from adjacent rocky shores and used immediately after collection
for the experimental assays. Finally, four T. atra were collected to characterize shell mineralogy and
organic composition (see below).

Before the acclimation period the experimental snails were randomly assigned to aquaria (replicates; n
total = 32) and algae treatments (L. spicata and M. pyrifera; n = 16 per each algae species). The snails
were daily fed with fresh pieces of seaweeds (4-5 g of L. spicata and M. pyrifera by separated) and
maintained at 12° C during a period of 30 days.

2.2 Shell mineralogy and organic composition
Phase composition, microstructure and texture of T. atra shells were measured with backscattered
electron diffraction (EBSD). The internal structure of the shells was photographed with FE-SEM imaging,
where BSE contrast was used. Shell samples were embedded in epoxy resin, which were subjected to
several sequential mechanical grinding and polishing steps. The last two steps consisted of etch-
polishing with colloidal alumina in a vibratory polisher and, subsequently, by ion polishing with an Ar
beam in an ion polisher. For EBSD measurements the samples were coated with 4 to 6 nm of carbon.
Measurements were carried out using a Hitachi SU5000 �eld emission SEM, equipped with an Oxford
EBSD detector. During the measurements the SEM was operated at 20 kV, and Kikuchi patterns were
indexed with CHANNEL 5 HKL software. Information obtained from EBSD diffraction was presented as
colour-coded phases and crystal orientation maps, the latter with corresponding pole �gures giving data
density distributions, with a half width of 5° and a cluster size of 3° respectively (see Griesshaber et al.
2013; Checa et al. 2021).

The organic composition at three sections of the T. atra shell (Fig. 1d) were measured by Attenuated Total
Re�ection-Fourier Transform Infrared spectroscopy (ATR-FTIR). The inner and outer surfaces of each
shell section (ca. 2x2 mm) were pressed on the ATR diamond crystal and the IR spectra at a 2 cm−1

resolution, and 100 scans were measured using Fourier Transform Infrared (FTIR) spectrometer (model
6200, JASCO Analytical Instrument). The relative amount of principal chemical components (i.e.,
polysaccharides, proteins, water, lipids and carbonates) were estimated from the main absorption peak
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areas associated with the respective functional group (e.g., COC: sugars/polysaccharides, amine:
proteins, O-H: water, and C-O: carbonates). Calculated peak areas of the observance spectrum follow
procedures described by Rodriguez-Navarro et al. (2013) (see also Checa et al. 2019; García-Huidobro et
al. 2020, 2021).

2. 3 Nutritional quality of kelp species
The nutritional quality (e.g., total organic matter and concentration of proteins) of L. spicata and M.
pyrifera were measured. To estimate the percentage of organic matter content from each seaweed
species (i.e., L. spicata n = 8 and M. pyrifera n = 8), samples of 4-5 g were dried at 60° C for 48 h and
incinerated in a mu�e furnace at 450 ° C for 4 h, and then reweighed with an analytical balance (±
0.00001 g precision). The organic fraction of both algae species was then estimated by percentage of
weight loss. To estimate the concentration of proteins for each kelp (i.e., L. spicata n = 9 and M. pyrifera n
= 9) we used the bicinchoninic acid method (BCA) from Pierce (BCA Protein Assay Kit) using bovine
serum albumin as a standard. Algal samples (5 mg of dry tissue) were mixed with 2 ml of sodium
dodecyl sulphate (SDS) (0.5%). Subsequently, samples were sonicated for 1.5 min and centrifuged
(Labnet, USA) at 5500 rpm for 35 min. After, 25 µl of the supernatant was incubated in triplicate with BCA
at 37° C for 30 min in the oven, and then read in a microplate with spectrophotometer. The protein
concentration was determined colorimetrically by measuring the absorbance at 562 nm. Finally, the
protein concentration was expressed in % of dry weight.

2. 4 Preference and food consumption rate
To evaluate the feeding preference (i.e., consumption with choice) of T. atra, pieces of algae from both
kelp species were offered to the snails at the same time. Groups of 8 snails were maintained in aquaria (9
l), and one piece of each algal species (i.e., 4-5 g of L. spicata and M. pyrifera) was offered
simultaneously. Each treatment was replicated 8 times, and each replicate was associated to their
controls that contained only pieces of algae (n = 8 for each algal species). The controls were used to
estimate changes in weight of kelp without snails. The trial was performed during 24 h in controlled
conditions with �ltered seawater (ca.12° C), and constant aeration with 12:12 photoperiod. Consumption
rate of snails was measured separately in a no-choice experiment. Here, the experimental animals did not
have a choice between the two kelp species. Each treatment (i.e., only algae species) contained 8
replicates and each replicate (i.e., aquaria 9 l) had 4 experimental snails, and 4-5 g of L. spicata and M.
pyrifera, that were offered ad libitum to snails. In addition, each experimental aquaria was associated to
its control (i.e., containing only algae; n = 8 for each algae species). The experiments of algal
consumption were conducted for 24 h in the same controlled conditions as described above.
Consumption rate was calculated as the loss of fresh material from the algae offered to the snails,
corrected by the losses of non-consumption of its corresponding control replica using an analytical
balance (± 0.00001 g precision). The food consumption was estimated following the equation (see Roa
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1992; Silva et al. 2004): Consumption = (E initial- E �nal) - (C initial- C �nal), where E and C denote
Experimental and Control algal weights, respectively. The rates of consumption were standardized as
amount of algal biomass per day per individual (mg day−1 individual−1).

2. 5 Absorption e�ciency
Absorption e�ciency (AE) was derived from the relationship between organic and inorganic matter of
ingested food and fecal material, using the method of Conover (1966). AE was calculated according to
the following equation: AE = [(F’ – E’) / (1 – E’) F’] × 100, where F’ = the proportion of organic matter in the
food, and E’ = the proportion of organic matter in the feces. Feces of each replicate (i.e., L. spicata n = 16
and M. pyrifera n = 16) were collected every 24 h and frozen during the experimental period (30 d) until
analysis. Feces were dried at 60° C for 48 h, weighed and then burned in a mu�e furnace at 450° C for 4
h, and weighed again with an analytical balance (± 0.00001 g precision) to determine the organic and
inorganic content. The same methodology was used to determinate the percentage of organic matter
content of each kelp species.

2. 6 Oxygen uptake and growth rate
To evaluate the oxygen consumption rate of T. atra at the end of the experiment, snails (n = 16 for each
algae species; total n = 32) were placed individually in glass chambers (140 ml) containing �ltered
seawater (0.45 µm). The oxygen uptake was measured using a Fiber Optic Oxygen Transmitter (FIBOX 3,
PreSens) and oxygen sensor spots (PreSens GmbH, Regensburg, Germany). Oxygen sensors were
previously calibrated in anoxic water using a saturated solution of Na2SO3 and in saturated water (100%)
with oxygen using bubbled air. Data were recorded using the OxyView 3.51 software (PreSens GmbH).
During the experiments, glass chambers were placed into a temperature-controlled water bath (Lauda
RE112®). All measurements were performed at a controlled temperature of 12° C. In addition, the
measurements of dissolved oxygen in seawater were recorded. Additional chambers containing only
�ltered seawater (i.e., without snails) were used as controls (n = 3). For each measurement, the volume of
the chambers was corrected by the displaced volume of each experimental snail. Finally, oxygen uptake
was calculated by the decrease of oxygen in the chamber per hour per individual (ml h−1 individual−1).

Growth rate of T. atra individuals was estimated from changes in wet weight of the snails reared on a diet
of a single algal species (i.e., L. spicata or M. pyrifera). Therefore, snails were fed daily with 5-6 g of fresh
algae pieces (n = 16 for each algal species; n total= 32) during the experimental period of 30 d. Finally,
individual growth rates were estimated based on wet weight measurements performed using an
analytical balance (± 0.00001 g precision) on days 1 and 30 of the experiment.

2. 7 Statistical analyses
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Differences in organic composition of the shell sections and surfaces were tested using two-way
ANOVAs. The feeding behaviour and physiological rates of T. atra reared with the two algal species were
evaluated using ANOVA models and t-tests. Food preferences of snails were assessed using paired t-
tests. Consumption rate (i.e., without choice), oxygen uptake and growth rate of snails reared with each
algal species were compared using one-way ANOVAs. To compare nutritional quality (i.e., protein and
organic matter content) of both kelp species, one-way ANOVAs were used. In addition, a repeated-
measure ANOVA was used to evaluate the temporal effects of absorption e�ciency (i.e., days 10, 20 and
30 of the experimental period) of individuals reared on a diet of a single algal species. The normality and
homoscedasticity of the data were tested using Kolmogorov-Smirnov and Bartlett tests, respectively (Zar
1999). All analyses were carried out using the software Minitab v.14, and differences were considered
signi�cant at p < 0.05.

3. Results

3.1 Shell mineralogy and organic composition
Shells of T. atra are mainly formed by aragonite and about one third is calcite. Internal shell structure (Fig.
2), carbonate phase, microstructure and texture are given in Fig. 3. T. atra shells are formed by an outer
calcitic and an inner aragonitic shell layer (Fig. 2 and 3), differentiated from each other by a marked thin
zone formed of granular aragonite (e.g., Fig. 2B, 3A). The aragonitic shell layer has a columnar nacreous
microstructure, and the calcitic shell part consists of an assemblage of large, irregularly shaped prisms.
At the carbonate polymorph transition, the aragonite is very �ne grained, and the nacre tablets were
assembled to columns, which are developed further away from the calcite, towards the inner shell
sections. Regardless of the microstructure, granular or nacreous, the aragonite has an axial texture with
the aragonite crystallites being highly co-oriented (see the pole �gure for the aragonite in Fig. 3C). The
calcite in the calcitic shell layer shows a weak axial texture and a signi�cantly weaker crystal co-
orientation strength, relative to what we observed for the aragonitic portion of the shell (see the pole
�gure for the calcite in Fig. 3C).

The organic composition at the outer and inner surfaces of the three shell sections of T. atra are shown in
Fig. 4. Lipids and polysaccharides showed non-signi�cant differences among shell sections and surfaces
(Fig. 4a, b; Table 1). However, protein content signi�cantly increased at the inner surface and
progressively increased from the shell growing edge, to the mid and apex sections (Fig. 4c; Table 1). In
contrast, carbonate signals increased at the outer surface and decreased progressively from the shell
growing section to the mid and shell apex sections (Fig. 4d; Table 1).
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Table 1
Summary results (two-way ANOVA) of the intensity of ATR-FTIR spectra

absorption bands comparing across shell sections (i.e., edge, medium and
apex) and surfaces (i.e., inner and outer) of Tegula atra individuals.

Signi�cant differences are shown in bold.
Variable Source of Variation df F P-value

Lipids (%) Section 2, 18 1.43 0.263

Surface 1, 18 0.24 0.625

Section ⋅ Surface 2, 18 0.51 0.606

Polysaccharides (%) Section 2, 18 1.67 0.216

Surface 1, 18 0.18 0.671

Section ⋅ Surface 2, 18 0.15 0.855

Proteins (%) Section 2, 18 2.76 0.089

Surface 1, 18 12.81 0.002

Section ⋅ Surface 2, 18 0.23 0.792

CO3 (%) Section 2, 18 8.97 0.001

Surface 1, 18 20.17 < 0.001

Section ⋅ Surface 2, 18 2.87 0.082

3.2 Nutritional quality of kelp species
Nutritional quality of macroalgae species showed that L. spicata had signi�cantly higher organic matter
than M. pyrifera (one-way ANOVA: F(1,15) = 31.82, p = 0.002; Fig. 5a). In addition, signi�catively higher
protein content was found in L. spicata compared with M. pyrifera (one-way ANOVA: F(1,17) = 18.72, p =
0.001; Fig. 5b). Thus, protein content was 1.4 times higher in L. spicata than M. pyrifera.

3.3 Feeding behavior
Snails of T. atra showed a stronger preference for L. spicata compared with M. pyrifera when both algal
species were simultaneously offered (i.e., with choice experiment). Hence, L. spicata was signi�cantly
preferred by snails, and was consumed almost 3 times more than M. pyrifera (paired t-test; t = 2.71; p =
0.03; Fig. 6a). When the snails were presented a single algal species the consumption rate of individuals
was not signi�cantly different (one-way ANOVA: F(1,15) = 0.04; p = 0.85; Fig. 6b).

3.4 Physiological traits
The absorption e�ciency (AE) of snails showed a tendency to increase during the experimental period.
Individuals of T. atra reared with L. spicata had AE that was signi�cantly higher than those reared with M.
pyrifera on days 10 and 20. However, at the end of the experiment (day 30), the AE of individuals reared
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with each algal species was similar. In all treatments, AE was signi�cantly higher after day 30 compared
to after days 10 and 20 (interaction days × algae: F(2,30) = 4.11, p = 0.02; Fig. 7a). On the other hand,
oxygen uptake of T. atra was signi�cantly higher for individuals reared with L. spicata than those fed with
M. pyrifera (one-way ANOVA: F(1,31) = 6.00, p = 0.02; Fig. 7b). Therefore, the mean oxygen uptake was

0.39 ± 0.05 ml O2 h−1 and 0.22 ± 0.03 ml O2 h−1, respectively. Finally, the growth rate of T. atra was not
signi�cantly different among those reared with different algal species, during the experimental period:
wet weight (one-way ANOVA: F(1,31) = 0.86, p = 0.36; Fig. 7c).

4. Discussion
Shell mineralogy and organic composition

This is the �rst study to characterize the calcium carbonate polymorphs and organic composition of T.
atra shells. Here, we found that T. atra has a shell comprising of two calcium carbonate forms (i.e., calcite
and aragonite), that consists of a calcite layer at the outer shell portions and a thick aragonite layer at the
inner shell area. The results obtained an organic composition of the shell showing that carbonate signals
were inversely proportional to relative organic composition content (e.g., proteins). Similar results on
organic compounds and carbonate signal relationships have been reported for other mollusc species
such as limpets (e.g., García- Huidobro et al. 2020), and scallops (e.g., Lagos et al. 2021). The aragonite
content of the mollusc shells has been proposed to be more vulnerable than those with calcite mineral in
response to environmental stressors (e.g., low pH/high pCO2 levels; Barclay et al. 2019). Thus, more
studies to evaluate the implications of environmental stressors on shell formation and/or the
compensatory mechanisms of herbivore calcifying organisms are needed, and our results suggest that
these investigations are warranted (see Lagos et al. 2021). Considering that consuming food of higher
nutritional quality can provide more energy for calcifying organisms, the energy intake through food
consumption can in�uence their shell quality/integrity (e.g., organic compounds, resistance to breakage,
etc). Therefore, the quality of food becomes even more important to better understand potential
vulnerability and/or adaption of organisms under climate change scenarios (e.g., Leung et al. 2019) at
different levels of the trophic web (e.g., algae-herbivore interactions). Trade-offs between energetic
physiology and skeletal production (i.e., biomineralization) under environmental stressors have been
reported in other snail species (e.g., Littorina littorea; Melatunan et al. 2013), (e.g., Eatoniella mortoni;
Leung et al. 2019).

Nutritional quality of kelp species and feeding behavior

Our results show that feeding preference of T. atra appears to be based on nutritional quality of kelps.
The macroalgae L. spicata presented the highest nutritional value (i.e., organic matter and protein
content) compared with M. pyrifera and was preferentially consumed by T. atra. Furthermore, the snails
reared with L. spicata (i.e., the most nutritious kelp) achieved the highest oxygen uptake and absorption
e�ciency but not growth rate.
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Nutritional quality of macroalgae affects the feeding behavior of marine herbivorous organisms
(Pennings et al. 1998; Pennings and Paul 1992; Pansch et al. 2008), and their biochemical components
(e.g., protein content), which has been described as one of the most important constituents to in�uence
food preferences (Barile et al. 2004). Thus, the algae that contain the greatest amount of protein are
mostly consumed by grazers (e.g., Barile et al. 2004). Preferential feeding on algae with high content of
organic matter and/or proteins have also been reported for other herbivorous organisms such as
echinoderms (e.g., Loxechinus albus; González et al. 2008), amphipods (e.g., Orchestoidea tuberculata;
Duarte et al. 2010, 2011; Gammarus mucronatus and Elasmopus levis; Cruz-Rivera and Hay 2000),
gastropods (e.g., Aplysia californica; Barile et al. 2004; Diloma nigerrima; Quintanilla-Ahumada et al.
2018), and another species of Tegula genus (e.g., Tegula funebralis; Steinberg 1985 and Tegula brunnea;
Thornber et al. 2008). The results obtained in this study agree with these previous studies, as the
nutritional quality of macroalgae affected the feeding behavior of T. atra, and also, the alga with the
highest protein content (i.e., L. spicata) was preferred by this snail. In other species of Tegula the
nutritional quality of algae species, and their in�uence on feeding preferences, have shown contrasting
results. Previous studies have demonstrated a signi�cant in�uence (e.g., T. funebralis; Steinberg 1985),
in�uence in part (e.g., T. brunnea; Thornber et al. 2008), as well as no in�uence (e.g., T. brunnea, T.
montereyi and T. pulligo; Watanabe 1985) on feeding preferences of grazers. However, herbivore food
choice, and algal traits (e.g., nutritional quality, morphology differences etc), that this snail species uses
to choose its food has scarcely been documented. Nevertheless, it is important to emphasize here that in
addition to nutritional quality, palatability (i.e. morphology, shape and toughness), presence of chemical
defences (e.g., secondary metabolites), availability and vertical gradient of macroalgae, and/or the
combination of these factors (Thornber et al. 2008), have also been shown to in�uence the food choices
of herbivores (Pennings et al. 1998; Pavia and Toth 2000; Granado and Caballero 2001; Jormalainen et
al. 2005; Vergés et al. 2007; Rotini et al. 2018), which could modify the feeding behavior of grazers.
Therefore, we do not exclude consideration of these factors which can in�uence the feeding behavior and
performance of T. atra.

Physiological traits and growth rate

The increase in the quality and/or quantity of food items may increase the metabolic demands of
gastropods (e.g., McSkimming et al. 2015). Shumway et al. (1993). These studies showed that the
respiration rate of periwinkles Littorina littorea and Littorina obtusata increased by 40-60% when fed their
preferred algae. More recently, Remy et al. (2017) demonstrated that amphipods Gammarus aequicauda
reared with food with high nutritional quality showed higher respiration and absorption rates, and
enhanced �tness, than amphipods reared with food items with low nutritional value. In this study, oxygen
uptake of individuals reared on a diet of a single algal species was signi�cantly different. More
speci�cally, snails reared with L. spicata (the preferred kelp species) had signi�cantly higher oxygen
uptake than those fed with M. pyrifera. The higher oxygen uptake of T. atra reared with L. spicata was
supported by high absorption e�ciency that corresponded to high values of energy intake. Thus, snails
fed with L. spicata incorporated more energy to take advantage of the high nutritional quality of this kelp
species. Furthermore, individuals reared with M. pyrifera reduced their respiration rate to cope with an



Page 11/24

unsuitable food source (i.e., low nutritional value of these food items), which could be a response aimed
at improving energy balance. Therefore, the reduction of metabolism could be interpreted as a
compensatory mechanism of T. atra to maintain its growth rate under diets of low nutritional value.

A higher growth rate of individuals fed with the most preferred algae with the highest nutritional value
would have been expected. However, in this study, the feeding preference of T. atra on L. spicata did not
allow for an increase in growth rate compared to those snails fed with M. pyrifera. We hypothesized that
the additional energetic cost of consuming L. spicata, and/or their processing capacity, could be greater
than consuming M. pyrifera. For example, post-ingestive mechanisms of processing food, change of
digestive enzymes, and increases in absorption e�ciency of nutrients, have been demonstrated as some
physiological adjustments involved to optimize nutrient extraction and utilization by herbivorous
organisms (Foster et al. 1999; Cox and Murray 2006; Secor 2009). Hence, our results show that those
individuals reared with the most nutritious alga, indicated that the energetic cost of consuming this alga
was high, which would be re�ected in its metabolic rate (i.e., highest oxygen consumption). In addition,
the mechanical cost and digestive process associated with consuming dietary food that has a
macronutrient composition can increase energy expenditure. For example, carbohydrates have more
complex molecules and may require a higher energetic cost to process and be digested by T. atra. In
addition, snails did not increase consumption of food items of comparatively lower nutritional quality
(i.e., M. pyrifera), to achieve optimal growth in the absence of better-quality food. Our results also suggest
that a decrease in metabolic activity was the behavioral/physiological mechanism used for snails to
compensate for the low nutritional value of M. pyrifera, to maintain a positive growth rate. Consequently,
our results showed no compensatory feeding strategy for T. atra. We do not know if the compensatory
physiological performance (i.e., decreased metabolic rate) observed in T. atra fed with food of low
nutritional quality is sustainable for longer periods of time, and/or if it would affect the �tness of the
snail. It is important to emphasize that T. atra had high absorption e�ciency, and acclimatation capacity,
in the experimental conditions used. Our results indicate that individuals reared with both kelp species
present positive and similar values for growth. Thus, we demonstrated that T. atra had high
behavioral/physiological plasticity in response to nutritional quality by consuming the two kelp species
studied here. This susceptibility for plasticity makes T. atra an ideal model for studying such plastic
responses and associated trade-offs. The results of this study could help to better understand
physiological traits of T. atra upon consuming kelp species (that differ in their nutritional quality). These
kelp species and their grazers, commonly inhabit intertidal-subtidal areas of the Chilean coast and are
important ecologically and economically. Considering that the impacts of global stressors (e.g.,
increasing seawater temperature and pCO2 levels) in marine environments will most likely increase, the
net physiological demands on calcifying organisms. In addition, as herbivores are dependent on the
nutritional quality of seaweeds to meet their energetic demands, any alterations in their palatability
and/or nutritional content, due to the in�uence of these environmental stressors (or their interactions),
may affect in a complex way their physiological traits (Duarte et al. 2016; Leung et al. 2019; Kinnby et al.
2021a, b), and also their �tness. Calcifying organisms have been shown to be particularly vulnerable to
changing environments and because of this, understanding how molluscs construct and maintain their
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shells can help to better comprehend potential vulnerability and/or adaptative mechanisms of marine
organisms to confront climate change (Barclay et al. 2020; Lagos et al. 2021). In coastal environments,
grazer-seaweed interactions may be facing one of their biggest challenges, as environmental stress
imposed on these relationships could in�uence community structure in the future (e.g., Jellison and
Gaylord 2019; Grilo et al. 2019; Fieber and Bourdeau 2021; Kinnby et al. 2021a; Burnam et al. 2022). This
highlights the need to understanding and to predict how rocky-shore systems may change in the near-
future, and how these effects can modify marine herbivore-algae interactions.
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Figure 1

Outer view of Tegula atra shell showing globose form shell with spire short, almost �at base, and external
surface smooth with oblique colabral growth lines and feeble spiral lines (A). Lateral view showing the
common erosion of the shell apex (B). Inner view showing the labial region with one prominent tooth in a
columelar fold (C). View showing the outer and inner surfaces of the three shell sections used to measure
organic composition (determined by ATR-FTIR normalized signal) (D)
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Figure 2

EBSD images of cross-sections through the shell of Tegula atra depicting the presence of two shell layers
(a) an inner aragonitic and an outer calcitic layer (b) as well as a thin transitional section between the two
layers (a and b)
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Figure 3

Internal structure (a) phase (b) microstructure and texture (c) of the different shell layers of Tegula atra.
The aragonite is developed as columnar nacre and as granular aragonite, the calcite comprises
differently sized and shaped prisms (c)
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Figure 4

Normalized intensity of main absorption bands of ATR-FTIR spectra (lipids, polysaccharides, proteins and
carbonates) recorded across shell sections (i.e., edge, medium and apex) and shell surface (i.e., inner and
outer) of Tegula atra. Bars correspond to means (± 1 SE). Asterisks and different letters indicate
signi�cant differences using a post hoc Tukey’s HSD test
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Figure 5

Organic matter (a) and protein content (b) of kelps Lessonia spicata and Macrocystis pyrifera. Bars
correspond to means (±1SE). Different letters indicate signi�cant differences
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Figure 6

Feeding preference exhibited by snails Tegula atra grazing on seaweeds Lessonia spicata and
Macrocystis pyrifera (with choice) (a) consumption rate on each alga individually (without choice) (b).
Bars correspond to means (±1SE). Different letters indicate signi�cant differences
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Figure 7

Absorption e�ciency (AE) (a) oxygen uptake (b) and growth rate (c) of snail Tegula atra reared on a diet
of a single kelp species (i.e., Lessonia spicata and Macrocystis pyrifera) during the experimental period
(30 d). Bars correspond to means (±1SE). Different letters indicate signi�cant differences among
treatments using a post hoc Tukey’s HSD test


