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Ocean acidification is expected to negatively impact many calcifying marine organisms by impairing their ability to build their protective shells and skeletons, and by causing dissolution and erosion. Here we investigated the large predatory “triton shell” gastropod Charonia lampas in acidified conditions near CO2 seeps off Shikine-jima (Japan) and compared them with individuals from an adjacent bay with seawater pH at present-day levels (outside the influence of the CO2 seep). By using computed tomography we show that acidification negatively impacts their thickness, density, and shell structure, causing visible deterioration to the shell surface. Periods of aragonite undersaturation caused the loss of the apex region and exposing body tissues. While gross calcification rates were likely reduced near CO2 seeps, the corrosive effects of acidification were far more pronounced around the oldest parts of the shell. As a result, the capacity of C. lampas to maintain their shells under ocean acidification may be strongly driven by abiotic dissolution and erosion, and not under biological control of the calcification process. Understanding the response of marine calcifying organisms and their ability to build and maintain their protective shells and skeletons will be important for our understanding of future marine ecosystems.
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INTRODUCTION

Surface seawater is being altered due to increasing atmospheric carbon dioxide (CO2) concentrations, causing reductions in pH, carbonate ions [CO32-], and saturation states (Ω) of calcium carbonate minerals (Raven et al., 2005; IPCC, 2013). This fundamental change to sea water chemistry is termed ocean acidification (Caldeira and Wickett, 2003) and can make seawater corrosive to carbonates. Over this century, many calcifying marine organisms may be negatively impacted by ocean acidification as it is expected to impair their ability to build and maintain protective shells and skeletons (Harvey et al., 2013; Kroeker et al., 2013; Gattuso et al., 2015). As calcifying organisms are a fundamental component of coastal marine communities, the effects of ocean acidification are expected to lead to profound ecological shifts (Hall-Spencer et al., 2008; Harvey et al., 2014; Nagelkerken and Connell, 2015; Sunday et al., 2017).

Calcification refers to the process by which calcifying marine organisms use dissolved ions to construct calcium carbonate (CaCO3) shells and skeletons. It is now thought that the effects of ocean acidification on calcification are not an issue of [CO32-] substrate limitation (Bach, 2015; Cyronak et al., 2016; Waldbusser et al., 2016); instead representing a physiological constraint (Cyronak et al., 2016; Waldbusser et al., 2016). Many organisms use bicarbonate ions [HCO3-] or CO2 in the production of CaCO3 (Roleda et al., 2012), so increased levels of dissolved inorganic carbon may allow some taxa to maintain or even increase their calcification rates (Wood et al., 2008; Ries et al., 2009; Rodolfo-Metalpa et al., 2011). However, ocean acidification increases the concentration of protons in seawater, making it more energetically expensive for some organisms to maintain internal pH homeostasis (Stumpp et al., 2012). The degree of control that species have over their internal carbonate chemistry will determine their ability to calcify in the lower carbonate saturation conditions caused by ocean acidification (Cohen and Holcomb, 2009; Ries et al., 2009).

Calcification may be counteracted by dissolution of exposed shell or skeleton in areas where waters become corrosive to carbonates for example due to shoaling of the lysocline in the deep-sea, or in polar waters, in upwelling areas, and in regions influenced by low salinity (Feely et al., 2008; Nienhuis et al., 2010; Rodolfo-Metalpa et al., 2011). Dissolution rates of unprotected carbonates exposed to seawater will increase over the coming century as saturation state (Ω) declines (Morse and Arvidson, 2002; IPCC, 2013), with relatively soluble minerals (aragonite and high-Mg calcite) affected more readily than the low-Mg calcite form of calcium carbonate (Morse et al., 2007). Corrosion of exposed shells or skeletons can also be expected in living organisms if their food supply is limited (Thomsen et al., 2013) or their feeding behaviour is negatively affected (Harvey and Moore, 2016; Clements and Darrow, 2018) since less energy can be allocated to upregulate calcification. The metabolic cost of maintenance of shells and skeletons is expected to increase (Barry et al., 2011; Fitzer et al., 2014) and require reallocation of energy away from other key physiological processes such as reproduction, growth, or immune function (Wood et al., 2008; Garilli et al., 2015; Harvey and Moore, 2016; Harvey et al., 2016). The ability of calcifying organisms to develop normally will depend on their capacity to maintain calcification.

The molluscan shell has gained prominence historically in the analysis of calcification processes because it is geometrically simple, yet diverse in form and mineralogy (Kohn et al., 1979). In most gastropods, the epidermis of the mantle deposits new shell material accumulatively onto the existing aperture, resulting in shell growth that coils spirally. Widely used measures of shell growth are shell length and surface area. However, since many calcified organisms can develop malformations and reductions in shell thickness, density, and strength in response to ocean acidification (Nienhuis et al., 2010; Rodolfo-Metalpa et al., 2011; Queirós et al., 2015; Chatzinikolaou et al., 2016), it is not always suitable to rely on such simple measurements alone. Moreover, different gastropod shell regions (apex, body whorl, and shell lip) may not respond in the same manner. Given that shell deterioration is gradual, impacts might shift from net dissolution at the oldest part of the shell to net calcification at the outer shell lip (Chatzinikolaou et al., 2016), explaining why shell apices are often eroded or truncated in ocean acidification studies (e.g., Garilli et al., 2015; Queirós et al., 2015; Chatzinikolaou et al., 2016).

Japanese volcanic CO2 seeps are starting to be used to show how organisms in Asia will respond to ocean acidification in situ and for extended periods (Inoue et al., 2013; Agostini et al., 2018). Here, we compared Charonia lampas (Linnaeus, 1758) living in acidified shallow-water conditions near CO2 seeps off Japan with individuals at sites with seawater pH at present-day levels (outside the influence of the CO2 seep) to assess their ability to cope with acidification. This species is a gastropod from the Ranellidae (tritons and trumpet shells) family; it was first described in the Mediterranean and is widely distributed throughout the Atlantic, Indian, and Pacific Oceans, including Asia. Adult tritons are large predatory gastropods that inhabit coral reefs and rocky substrata, typically feeding upon starfish, holothurians, and sea urchins (Kang and Kim, 2004). We examined how ocean acidification influences their shell structure and integrity using computed tomography (CT) scanning with particular focus on shell thickness, density, morphology, and dissolution across different shell regions.

MATERIALS AND METHODS

Sampling

Live C. lampas were collected by scuba diving off RV Tsukuba II in June 2016 on rocky substrata at around 8 m depth in a bay on the south of the small island Shikine-jima, Japan (34°19′17″ N, 139°12′17″ E). The largest ten individuals seen on a 1 h dive were collected from a seep site at mean pHT 7.789 ± 0.096 [SD; n = 4160, measurements every 15 min] where maximum, mean, and minimum aragonite saturation (Ωaragonite) were 2.31, 1.76, and 0.73, respectively (Figure 1 and Table 1). Here the gastropods were easy to find as they had gleaming white shells. The same protocol was used to collect ten individuals from a reference site, although it took 3 h diving to find them as they were much better camouflaged by a dark periostracum and an extensive cover of epiphytes (mainly crustose coralline algae). The reference site seawater at 6 m depth had mean pHT 8.137 ± 0.056 [SD; n = 1963, measurements every 30 min] where maximum, mean, and minimum aragonite saturation were 5.29, 3.30, and 2.36, respectively (Figure 1 and Table 1). After collection, the gastropods were immediately frozen at -20°C, the soft body parts were then removed, the inside of the shell rinsed with a solution of 10% sodium hypochlorite, and water, and then left to dry. Carbonate chemistry was calculated using pHT and temperature data continuously measured using a Durafet sensor (SeaFET, Sea-Bird Scientific, Halifax, Canada), and salinity was measured using a hobo conductivity logger (U24-002-C, Bourne, Onset, United States) at each site from 26th May 2016 to July 5th 2016 (see Agostini et al., 2018 for full details, including the temporal variability in pH and temperature). Total alkalinity (AT) samples were collected as discrete samples (seep site, n = 41; reference site, n = 52) and immediately filtered at 0.45 μm using disposable cellulose acetate philtres (Dismic, Advantech, Japan). Total alkalinity was then measured by titration (785 DMP Titrino, Metrohm) with HCl at 0.1 mol L-1. Carbonate chemistry parameters were calculated using CO2SYS (Pierrot et al., 2006). Measured pH, AT, temperature, and salinity were used as the input variables, alongside the disassociation constants from Mehrbach et al. (1973), as adjusted by Dickson and Millero (1987), KSO4 using Dickson (1990), and total borate concentrations from Uppström (1974).
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FIGURE 1. Study area (Mikama Bay, Shikine-jima, Japan) for the collection of Charonia lampas. (A) Location within Japan (arrow), (B) location of Mikama Bay on Shikine-jima, and (C) aragonite saturation state (ΩArag) of the study site (modified from data in Agostini et al., 2018 using ArcGIS “spline with barriers” interpolation tool), with the collection areas for the “elevated pCO2” individuals (near CO2 seeps) and “reference pCO2” individuals from an adjacent bay highlighted. Representative Charonia lampas at the reference site, pHT 8.14 (D) and at the elevated pCO2 site, pHT 7.81 (E). Note extensive coverage of encrusting organisms and intact apex region. At the elevated pCO2 site shells had a smooth bare shell surface and severely eroded apex regions (arrow).



TABLE 1. Carbonate chemistry conditions of the reference pCO2 site (REF), and elevated pCO2 site (ACID) at Shikine-jima, Japan.
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CT-Scanning, Analysis, and Data Extraction

All scans were performed with an Aquilion New PRIME/Focus Edition CT scanner (Toshiba Medical, Tokyo, Japan) at the Kochi Core Center Open Facility System (Kochi University, Japan). Specimens were scanned on a helical scanning mode with a tube voltage of 120 kV, a current of 100 mA, a field of view of 139.7 mm, an interval (slice) thickness of 0.5 mm, an exposure time of 0.5 s and a FC85 reconstruction philtre. The scans were stored in the DICOM format and analysed using the software OsiriX MD (Pixmeo SARL, Geneva, Switzerland). The data comprised of a series of 0.5 mm slices (ranging from a total of 241–471 slices, depending on the length of the specimen) that followed the central axis of the columella. Each slice represents a cross section of the shell, from which it is possible to extract mean density (Hounsfield unit, HU) and shell thickness (mm). Different densities were converted from greyscale to colour using the “Hue 2” colour look up table in OsiriX MD.

Since it was expected that ocean acidification would result in smaller shells compared to the reference areas (Garilli et al., 2015; Harvey et al., 2016), we defined a number of shell regions based on discrete anatomical loci that could be located in all individuals, enabling comparison across individuals and treatments. These were the cross-sections located at the sutures on both ventral and dorsal side, the mid-point of the shell lip, and at the mid-point of the siphonal canal (see Figure 3C). For each of these shell regions, the corresponding slice was identified (1 slice per region) and used for subsequent analysis. To get a representative measure of the density and thickness of the shell at the respective regions, an average was obtained for each identified slice; this involved overlaying 16 equally spaced radii (22.5°) from the centre of each slice, and extracting the mean density (Hounsfield unit, HU) and thickness (mm) where the radii overlapped with the shell (see Figure 3D for an example). Where dissolution had resulted in shell absence, both density and thickness were recorded as zero for that radius.

Statistical analysis of the changes in thickness and density were assessed using a repeated measures ANOVA in R (R Development Core Team, 2017) with the treatment (two levels; reference or elevated pCO2) and shell region (12 levels; 1a, 1b, 2a…5b, shell lip, siphonal canal, see Figure 3C for more details) used as between-subjects factor, and the shell region for a given individual used as a within-subjects factor (or error term). Each shell region was then compared pairwise between the two levels of treatment as a planned contrast using a Bonferroni-corrected t-test. Normality was assessed using Q-Q plots. A Greenhouse-Geisser correction (which corrects for Type I error by reducing the degrees of freedom) was applied to the within-subjects factor of the repeated measures ANOVA to correct for potential issues of sphericity.

Geometric Morphometric Surface Analysis

A 3D surface rendering of each individual was compiled using the OsiriX MD software, exported as a surface mesh file (∗.PLY file), and then imported into the “Generalized Procrustes Surface Analysis” (GPSA) software (Pomidor et al., 2016). The free and open source GPSA software was downloaded from the lab website (URL: http://morphlab.sc.fsu.edu/index.html, accessed October 5, 2017). The GPSA software can calculate differences in the shape of the surface between specimens by using the 3D surface rendering to carry out a superimposition on a metric termed “Procrustes surface metric” (PSM). This metric and approach, while relatively new, are analogous to the traditional geometric morphometric approach which uses Procrustes distance. Since this approach utilises a surface mesh, it is not possible to take the density into consideration. The programme itself allocates, by default, 4 GB of maximum memory for programme use; however, due to the large size of the surface mesh files, it was necessary to increase this to 8 GB. In order to perform the GPSA, the user must define the “prototype file” (the single surface file on which to base the superimposition), and the “surface files” to be analysed (which can also include the individual used for the “prototype file”).

In order to test for group differences in the average shape of the surface between the reference- and elevated-CO2 individuals, all 20 individuals were used as the “surface files” and a reference-CO2 individual (chosen for being closest to the average shell length for reference individuals) was used as the “prototype file.” The GPSA software then produces a square, symmetric matrix of the (PSM) distance between all 20 of the specimens, which was then compared using non-metric multidimensional scaling (nMDS). Additionally, by comparing all of the specimens’ relative to a “mean” individual it is possible to project a heatmap on the “mean” shell which displays the average shape of the surface with the locations coloured to reflect the most prominent change (Pomidor et al., 2016). In order to ascertain how the elevated-CO2 individuals differed from the reference-CO2 individuals, we first created the “mean” reference shape. This involved using the GPSA software with just the 10 reference-CO2 individuals (using the same “prototype” reference individual as above). The heatmap of the elevated-CO2 individuals against the “mean” reference individual was then performed by re-running the GPSA with the elevated-CO2 individual as the “surface files” and the newly created “mean” reference individual as the prototype.

RESULTS

Shells of C. lampas were visually distinguishable between the reference and high-CO2 sites (Figures 1D,E). Individuals collected in the elevated pCO2 area were smaller (mean shell length 177.6 ± 19.2 [SD] mm (n = 10) in reference pCO2 and 112.0 ± 13.5 [SD] mm (n = 10) in elevated pCO2; F1,18 = 78.34, p < 0.001; see Figures 1D,E). The high-CO2 individuals also had no epiphytes revealing a predominantly white shell colouration that was highly conspicuous against the substratum (Figures 1D,E), with damage and/or truncation to the apex and older shells regions (Figure 1D). On the contrary, individuals from the reference pCO2 areas were much better camouflaged by a dark periostracum and an extensive cover of epiphytes (mainly crustose coralline algae) (Figure 1E). The surface of shells from the elevated pCO2 area was smoother, with the shell lip, whorl shoulders, and stepping at suture lines more rounded in comparison to individuals from the reference area.

The GPSA demonstrated that along the axis of greatest variation (nMDS axis 1), the shape of the surface of those individuals collected from the elevated pCO2 area contrasted with those collected from the reference pCO2 (Figure 2A). Figure 2B shows the average shape of the surface of all individuals (from the four sides) alongside a heatmap which highlights where the changes are most prominent between the elevated-CO2 individuals and the mean reference pCO2 shell shape (where blue indicates a similar shape, and red indicates a greater degree of change). This shows that elevated levels of pCO2 influenced mean shell shape, with the regions that differed the most being the apex, shell lip, and suture lines.
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FIGURE 2. (A) An nMDS ordination of the surface shape differences [based on the Generalized Procrustes Surface Analysis (GPSA)] between the control pCO2 (solid black) and elevated pCO2 (solid grey) individuals. (B) A heatmap of the differences in the shape of the surface based on the GPSA which highlights where the changes are most prominent between the elevated- and the mean shape of the reference pCO2 individuals (where blue indicates a similar shape, and red indicates a greater degree of change).



The CT-scanning analysis indicated that the shell thickness of individuals from the elevated pCO2 areas were (on average) more than two times thinner compared to the reference pCO2 areas (ANOVA treatment: F1,204 = 27.18, p < 0.001; Figure 3A). This reduced thickness did not significantly interact with the shell region [ANOVA treatment × shell region (Greenhouse-Geisser corrected): F3.04,47.74 = 0.66, p = 0.581; Figure 3A] meaning that the shell thickness was significantly thinner for almost all the shell regions of the elevated pCO2 individuals (see Figure 3A for the pair-wise t-test results). This was regardless of whether the shell was newly grown (e.g., Figure 4 – shell region 4b and shell lip) or older (e.g., Figure 4 – shell regions 1a and 3a, see Figure 3C for shell region positions). See Supplementary Table S1 for the full statistical analysis output, and Supplementary Table S2 for the pairwise comparisons of the same shell region for both shell thickness and density.
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FIGURE 3. Mean (±SE) shell thickness, mm (A) and mean (±SE) shell density, Hounsfield unit (HU) (B) of the control pCO2 (solid black) and elevated pCO2 (solid grey) individuals (n = 10) across the different shell regions. Pairwise comparisons for the same shell region were tested using a Bonferroni-corrected t-test, with the test results indicated at the top as (ns, non-significant, ∗p < 0.05, ∗∗p < 0.01, or ∗∗∗p < 0.001). The different shell regions (the dorsal “a” and ventral “b” sides of sutures 1–6, and the mid-points of the shell lip “lip” and siphonal canal “SC”) are defined for a representative individual (C). Average density and thickness was obtained for each shell region by overlaying 16 equally spaced radii (22.5°) from the centre of each slice, and extracting the mean density (HU) and thickness (mm) where the radii and shell intersected (D).
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FIGURE 4. Representative example of the identified cross-section slices from the computed tomography (CT) scanning from different shell regions (1a, 3a, 4b, and shell lip) collected from the reference pCO2 (Upper) and elevated pCO2 (Lower) sites. Colour scale indicates density (Hounsfield unit, HU) with warmer colours indicating higher density and cooler colours a lesser density.



Mean shell density was relatively similar across all of the shell regions for the reference pCO2 individuals (Figure 3B). Overall, the effects of elevated pCO2 significantly reduced shell density (ANOVA treatment: F1,204 = 32.24, p < 0.001; Figure 3B). The elevated pCO2 individuals showed a gradient where the older shell regions (1a to 3b; see Figure 3C) demonstrated a more than twofold reduction in mean density (Figure 3B), the intermediate shell regions (4a to 6b; see Figure 3C) showed a slightly reduced (but non-significant; t-test: p > 0.05) reduction, and the newly grown shell region (Lip and SC; see Figure 3C) showed an almost identical mean shell density compared to the reference pCO2 individuals (Figure 3B). Representative examples of the CT cross-sections across the four shell regions (Figure 4) showed that the differences in shell density are more prominent in the older shell regions (1a and 3a) compared to the newly grown shell regions (4b and Lip), with the most deteriorated areas demonstrating the lowest shell density (Figures 3, 4).

DISCUSSION

Ocean acidification is one of the most pervasive environmental changes in the ocean (IPCC, 2013; Gattuso et al., 2015). Organisms with calcium carbonate shells or skeletons appear to be the most vulnerable to increasing levels of seawater pCO2 (Harvey et al., 2013) and understanding their response is critical to assessments of the effects of rapidly falling carbonate saturation levels in coastal ecosystems. We have shown that chronic exposure to low seawater carbonate saturation caused corrosion to the shells of the widespread predatory Triton. Individuals in the high pCO2 conditions were smaller than those in reference areas and they had clearly undergone progressive shell dissolution. The shells of Charonia lampas were smoother, thinner, and less dense. Damage caused by the low levels of aragonite saturation was greatest on the oldest shell parts; body tissues of some of these gastropods were exposed to the surrounding seawater through holes in the shell apex. Whilst calcification may not be the Achilles’ heel of calcareous marine organisms, as many of them can upregulate their calcification rates in acidified conditions (Rodolfo-Metalpa et al., 2015), increased dissolution of both living and dead marine carbonates is one of the most profound risks of ocean acidification (McNeil and Matear, 2008); particularly since ocean acidification is causing the expansion of areas with periods of aragonite undersaturation (IPCC, 2013).

As ocean acidification continues worldwide, any ability of marine gastropods to achieve normal development will depend on their ability to maintain their growth and calcification, which demands tradeoffs in the allocation of available energy (Barry et al., 2011). The energetic costs of calcification may be increased under ocean acidification, for instance, due to the need to pump protons across cell membranes to control pH at sites of calcification (Ries, 2011; Toyofuku et al., 2017). This may require increased feeding to maintain their energy status (Sanford et al., 2014), or a repartitioning of energy between calcification, growth, reproduction, and maintenance (Wood et al., 2008; Stumpp et al., 2011; Waldbusser et al., 2013; Harvey and Moore, 2016; Harvey et al., 2016). It is likely that these responses may differ across the different life stages, with early stages often considered most sensitive to ocean acidification (see Byrne, 2011 for a review) as well as the potential for carry-over effects (e.g., Hettinger et al., 2013). Molluscs may be able to compensate for the negative effects of elevated pCO2 if they can obtain enough food (Melzner et al., 2011; Thomsen et al., 2013), however, such compensatory effects may not always be possible (Harvey and Moore, 2016) with feeding behaviours potentially altered (Clements and Darrow, 2018). Evidence from CO2 seeps suggests that food availability for predators may decrease as the size, recruitment and abundance of marine invertebrate prey is reduced in acidified conditions (Cigliano et al., 2010; Garilli et al., 2015; Harvey et al., 2016; Allen et al., 2017), resulting in limited trophic propagation to predator populations (Vizzini et al., 2017). This reduction in food availability might further compromise the available energy budget of marine organisms affected by ocean acidification. Should the available energy budget of organisms become compromised then it is possible that their reproductive contribution to future generations may also be reduced, with implications for species’ abundances and distributions (Borregaard and Rahbek, 2010; Harvey et al., 2016).

Reductions in net calcification due to simulated ocean acidification have been observed in many gastropod species (Shirayama and Thornton, 2005; Gazeau et al., 2013; Parker et al., 2013; Queirós et al., 2015; Chatzinikolaou et al., 2016; Harvey and Moore, 2016; Harvey et al., 2016). For some species this reduced net calcification is due to erosion and dissolution of the shell rather than an inability to deposit new shell (e.g., Marshall et al., 2008; Nienhuis et al., 2010; Rodolfo-Metalpa et al., 2011). Live triton shells collected from the elevated pCO2 area were on average almost half the size of those collected from the reference area, along with a consistently thinner shell, suggesting a physiological constraint on their ability to calcify. At the same time, Charonia spp. shells are comprised of aragonite and lack the less soluble outer calcitic layer found in some gastropods (Cubillas et al., 2005), implying an increased risk of dissolution under ocean acidification (Morse et al., 2007). We found that shell dissolution and deterioration in acidified conditions was most pronounced on the oldest parts of individuals. Similar observations of shell deterioration have been found for other gastropods under acidified conditions, including enhanced dissolution in the older shell parts, loss of the periostracum, and the general smoothing of the shell sculpture (e.g., whorl shoulders, axial and spiral riblets, and nodules) (Hall-Spencer et al., 2008; Marshall et al., 2008; Rodolfo-Metalpa et al., 2011; Queirós et al., 2015; Chatzinikolaou et al., 2016).

Changes in shell shape of the elevated pCO2 individuals (as assessed by the geometric morphometric surface analysis) appeared to coincide with changes in thickness and density. These shape differences were predominantly found in the same areas of the shell that experienced large changes in thickness and/or density, such as the apex, sutures, and shell lip regions. Intuitively, the shell apex had an altered shape in the elevated-pCO2 individuals with reduced shell density leading to the truncation (loss) of the apex for most individuals; the sutures’ shape was likely changed due to the general smoothing and thinning of the shell resulting in a more simplified shape; and the thinning of the shell lip likely explained the changes in shape observed for that region. Overall, these changes suggest that ocean acidification will not simply reduce the rate of gross calcification for tritons, but instead suggests some extensive damage for a number of important regions of the shell. One mechanism through which molluscs can counteract physical and chemical damage to the shell is through shell repair, the secretion of carbonates onto the inner wall of the shell (Langer et al., 2014). When the shell wall is breached due to dissolution (as observed here), the internal environment of the animal becomes compromised (Vermeij, 1983), with potential negative implications for calcification and shell repair. In the present study, there was no observable shell repair for the elevated-CO2 individuals. The evidence for the effects of ocean acidification on the ability of molluscs to perform shell repair is mixed, ranging from successful thickening of the inner shell layers to counteract the negative effects (Langer et al., 2014; Peck et al., 2018), to negative effects on shell repair rate (Coleman et al., 2014).

Individuals in the elevated-CO2 area showed a gradient in density that decreased from the newest to the oldest regions of the shell. While the oldest shell parts had a greatly reduced density, the density of the most recent shell growth, the growing lip of the shell aperture, and its siphonal canal, was similar in individuals from the reference and high pCO2 areas. This implies that the gastropods are capable of producing the necessary shell material (albeit as a reduced rate), but that the quality of this material gets eroded and dissolved over time. We suggest that since the individuals here have been exposed for their entire lifetime, this is enough for this continuous dissolution to be discernible. Many ocean acidification studies include experiments with only a short duration of exposure (see Cornwall and Hurd, 2016 for a critique), these may have underestimated the impacts on gastropods by being of insufficient length to capture the potential extent of shell damage due to ocean acidification. Few studies have investigated changes in shell density due to ocean acidification, but those that have found that shell density in gastropods is negatively impacted (Queirós et al., 2015; Chatzinikolaou et al., 2016) resulting in weakened shells. Queirós et al. (2015) showed that ocean acidification caused apex truncation and reduction in the shell lip density for Nucella lapillus. Chatzinikolaou et al. (2016) found that the effects of reduced pH over a 3-month period caused a deterioration of the shell surface and a reduction in the shell density of gastropods Nassarius nitidus and Columbella rustica. We conclude that C. lampas are enduring a two-pronged impact whereby the acidified conditions are affecting these gastropods physiologically (e.g., through acid-base balance disturbances) hindering their ability to calcify (exhibited by their reduced size and thickness), with dissolution playing a key role in progressively impacting the quality (density) of the shell material over time.

There was a complete absence of epiphytic cover on triton shells living in seabed areas with elevated pCO2, compared to a near-total epiphytic cover on those individuals from the reference area, which was predominantly covered in crustose coralline algae. Epiphytic cover of crustose coralline algae is highly susceptible to ocean acidification (Martin et al., 2008). It is possible for epibionts to negatively affect the basibiont upon which they are associated, for example; reducing light availability for autotrophs (Sand-Jensen, 1977), or increasing drag and reducing the growth rate of heterotrophs (Wahl, 1997). However, given that dissolution acts on external surfaces in direct contact with the seawater, the presence of epiphytes on the shell of an organism may provide a protective layer that alleviates dissolution rates. It is unclear as to the exact mechanism causing a lack of epiphytes, whether a direct sensitivity of the crustose coralline algae to the acidified conditions (Kuffner et al., 2007) or the dissolution of the shell surface precluding settlement. Regardless, the observed shell corrosion was almost certainly exacerbated by the absence of epiphytes. This emphasises the need to consider multi-species responses to ocean acidification.

The findings presented here highlight a number of broader ecological implications that ocean acidification will have for the predatory gastropod C. lampas. One consequence of the elevated pCO2 was the lack of epiphytes and concurrent discolouration of the shell. Typically, the presence of epiphytes on C. lampas individuals provides a form of cryptic coloration hiding them from prey and predators alike, whereas the lack of epiphytes and white shell colouration make individuals highly conspicuous in the elevated pCO2 area. The severe dissolution of older shell regions, and reduced density and thickness of the shell will also result in structural weakness, as shown for barnacle tests (McDonald et al., 2009) and serpulids tubes (Chan et al., 2012). These changes in colour and mechanical strength may make them more vulnerable to predators or may increase predator avoidance behaviours at the expense of other important biological and ecological processes (e.g., feeding and reproduction; see Clements and Hunt, 2015 for a review). An altered competitive dynamic with other species, and the possible reduction in their top-down control, would likely disrupt their associated food web, and may alter ecosystem processes and derived services (Lemasson et al., 2017). For example, the giant triton (C. tritonis) plays an important role in the tropics as one of the very few natural predators of the coral-eating crown-of-thorns starfish (Acanthaster planci), which is a major contributor to ongoing coral loss on reefs across the Indo-Pacific (Pratchett et al., 2017).

Carbon dioxide seeps provide useful analogues for investigating the effects of ocean acidification since they allow the consideration of both direct and indirect ecological effects in a natural setting across different life-stages (Hall-Spencer et al., 2008; Fabricius et al., 2011; Agostini et al., 2018). The current study investigated the long-term responses of a large predatory gastropod to ocean acidification using CT-scanning on individuals collected from a shallow-water Japanese CO2 seep. Chronic exposure to ocean acidification, and periodic exposure to aragonite undersaturation hinders the ability of C. lampas to produce and maintain their CaCO3 shells. While net calcification was reduced in response to ocean acidification, shell dissolution was the predominant impact and cause of corrosion and reduced shell density. Even though many marine organisms are able to upregulate calcification rates to counter ocean acidification, they may not be able to maintain their shells or skeletons due to dissolution. Those studies that only consider effects of rising CO2 levels on calcification underestimate the impacts of ocean acidification. In summary, this study highlights the need to consider both carbonate dissolution and deposition rates in order to understand the effects of ocean acidification on marine organisms.
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