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Marine CO- seeps allow the study of the long-term effects of elevated pCO, (ocean acidification) on marine
invertebrate biomineralization. We investigated the effects of ocean acidification on shell composition and
structure in four ecologically important species of Mediterranean gastropods (two limpets, a top-shell snail, and
a whelk). Individuals were sampled from three sites near a volcanic CO, seep off Vulcano Island, Italy. The three
sites represented ambient (8.15 pH), moderate (8.03 pH) and low (7.73 pH) seawater mean pH. Shell miner-
alogy, microstructure, and mechanical strength were examined in all four species. We found that the calcite/

aragonite ratio could vary and increased significantly with reduced pH in shells of one of the two limpet species.
Moreover, each of the four gastropods displayed reductions in either inner shell toughness or elasticity at the
Low pH site. These results suggest that near-future ocean acidification could alter shell biomineralization and
structure in these common gastropods.

1. Introduction

Ocean acidification (OA) is a key environmental factor driven by
anthropogenic combustion of fossil fuels (IPCC, 2013; Hoegh-Guldberg
et al., 2014) that has both indirect or direct effects on biomineralization
processes in calcified marine invertebrates, challenging the capacity to
grow, reproduce, calcify, and maintain essential acid-base balances
(Kroeker et al., 2013a; Bray et al., 2014; Dubois, 2014; Lardies et al.,
2014; Gaylord et al., 2015). Marine invertebrate taxa exhibit varying
responses to increased seawater acidification and reductions in the sa-
turation state of the polymorphs of calcium carbonate, aragonite and
calcite. Given their important ecological roles and their value as en-
vironmental biomonitors, mollusks have been of interest in regards to
ocean acidification. Some mollusks have demonstrated positive (in-
creased calcification, increased rate of calcification and/or growth) or
parabolic (positive net calcification under intermediate acidification
but negative under high acidification) reactions to increased acidity
(Ries et al., 2009; Rodolfo-Metalpa et al., 2011). In contrast, the ma-
jority of studies to date have detected negative impacts of acidification
on mollusk biomineralization. Such responses include net shell dis-
solution (bivalves: Green et al., 2004; gastropods: Hall-Spencer et al.,
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2008), reduced shell growth or decreased calcification rates (gastro-
pods: Shirayama and Thornton, 2005; Melatunan et al., 2013; bivalves:
Gazeau et al., 2007; Ries et al., 2009), and impaired shell integrity
(Green et al., 2004; Beniash et al., 2010; Fitzer et al., 2014). These
effects are typically greater in species lacking a thick organic layer
(periostracum) covering their shells (e.g., Rodolfo-Metalpa et al., 2011;
Coleman et al., 2014).

Most ocean acidification research to date has been short-term and
laboratory-based. These studies suggest that OA impacts are likely to be
species-specific with a few species benefitting, but many others being
negatively impacted either through direct or indirect effects of rising
CO,, levels (Gaylord et al., 2015). Despite the value of such research, it
is difficult to extrapolate the observed effects of ocean acidification on
calcifying marine invertebrates that occur in coastal ecosystems. Ac-
cordingly, the use of shallow submarine CO, seeps provide opportu-
nities for the study of the long-term biotic effects of increasing pCO,
levels (Hall-Spencer et al., 2008). Studies at CO, seeps in the Medi-
terranean, Japan, and Papua New Guinea have revealed significant
reductions in the biodiversity of marine invertebrates under acidified
conditions, as well as shifts in trophic structure and simplified food
webs (Cigliano et al., 2010; Inoue et al., 2013; Kroeker et al., 2013b;
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Fabricius et al., 2014; Baggini et al., 2015). Much of this decline in
biodiversity is due to reductions in the presence of calcifying marine
organisms including scleractinian corals, mollusks and echinoderms
(Inoue et al., 2013; Fabricius et al., 2014; Garilli et al., 2015). Species
that do survive under acidified conditions may become more vulnerable
to predation due to weakened shells/skeletons and are often smaller
due to dissolution or physiological stress (Rodolfo-Metalpa et al., 2015;
Langer et al., 2014; Collard et al., 2016; Newcomb et al., 2015; Harvey
et al., 2016).

The overall aim of the present study was to determine whether
chronic exposure to elevated CO, alters the mineralogy, structure, and
strength of the shells of four common species of sympatric gastropods
(two limpets, a top-shell snail, and a whelk) at three sites near a natural
CO, seep. An understanding of the comparative vulnerability of these
four common gastropods will facilitate predictions about their future
respective trophic and ecological roles in the community. The two
limpets Patella rustica Linnaeus, 1758 and P. caerulea Linnaeus, 1758
have a pattern of distinct zonation with the former found exclusively in
the upper intertidal, and the latter inhabiting the lower mid-littoral
(Della Santina et al., 1993). This not only separates them in terms of
their degree of exposure to OA, but also their respective vulnerability to
predators. The other two gastropods, the carnivorous whelk Hexaplex
trunculus Linnaeus, 1758 and the top shell Osilinus turbinatus Van Born,
1778, both occur in the mid-littoral zone (Morton et al., 2007; Boucetta
et al., 2010). All four gastropod species have a trochophore and veliger
larva and thus recruit to the benthos via a planktonic larva.

To conduct a comparative evaluation of the properties of shells of
these four species of gastropods at various distances from a natural CO,
seep we assessed shell mineralogy (percent calcite and percent arago-
nite) based on X-ray diffraction (XRD) analysis. Furthermore, using
scanning electron microscopy (SEM) and electron backscatter diffrac-
tion (EBSD) we determined shell microstructure. Finally, we evaluated
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shell mechanical strength based on point compression to determine the
force to fracture the shell, along with shell toughness, and elasticity.

2. Methods
2.1. Collection sites

Our study site was a CO, seep system located in the shallow,
nearshore waters of Vulcano Island approximately 25km north of
Sicily, Italy (Boatta et al., 2013). Gastropods were collected from three
field stations (designated from this point forward as Ambient, Mod-
erate, and Low pH sites) off the northeastern coast of Levante Bay,
northeastern Vulcano Island (Fig. 1). Levante Bay is a shallow (2-3 m
depth), micro-tidal region that contains active CO5 seeps which create a
pH gradient (~6.8-8.2 pHyps units) along the northeastern shoreline
(Boatta et al., 2013). The seawater pHyps and carbonate chemistry at
the three stations was defined by Milazzo et al. (2014), and based on
data collected during 2011-2012. The Ambient site served as a re-
ference site with a mean pH of 8.15 = 0.01 (n = 95) and was located
approximately 850 m from the main CO, seep; the Moderate site was
approximately 390 m distant from the seep with a mean pH of
8.03 = 0.01 (n = 95) which is a predicted near-future level of pH
(Nakicenovic and Swart, 2000); the Low site was approximately 300 m
distant from the seep with a mean pH of 7.73 = 0.02 (n = 95), pre-
dicted to occur by the end-of-century (IPCC, 2013; Milazzo et al., 2014).

It is important to note that these three study sites do not vary sig-
nificantly from one another in terms of seawater temperature, light,
total alkalinity, and salinity (Boatta et al., 2013; Milazzo et al., 2014).
As heavy metal pollution can be a confounding issue in close proximity
to CO, seeps (Roberts et al., 2013), it is also important that in an
evaluation of heavy metal pollution across a distance from the seep,
Vizzini et al. (2013) determined that all sites located further than about
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Fig. 1. Location of sampling sites along the northeastern shore of Levante Bay, Vulcano Island, Italy. The “V” represents locations of CO, seeps.
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Table 1
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Total sample sizes of shells and their mean length ( + SE) for each of four gastropod species collected at ambient, moderate, and low pH seep sites. Also shown are the sample sizes and
mean length ( = SE) of shells examined from each pH site for X-ray diffraction (XRD) and strength analyses.

Species pH Total sample size (N) XRD analysis Strength analysis
Mean Sample size (N) Mean Strength sample size (N) Mean
( £ 1 SE) shell size ( = 1 SE) Shell Size ( = 1 SE) shell size
(mm) (mm) (mm)
Whelk H. Ambient 24 435 = 1.2 13 429 * 1.4 9 45.8 * 2.3
trunculus Moderate 34 425 = 1.9 13 387 = 21 0 0
Low 25 40.0 = 1.1 14 40.0 = 1.6 9 40.4 = 1.7
Top-shell Ambient 50 10.8 = 0.4 15 11.5 = 0.8 12 11.1 = 0.5
O. turbinatus Moderate 31 121 * 1.2 15 12.7 = 1.7 0 0
Low 28 8.7 = 0.4 16 9.3 £ 0.5 9 8.6 = 0.7
Limpet Ambient 20 19.2 = 0.7 11 18.4 = 0.9 7 20.1 = 1.0
P. caerulea Moderate 31 21.0 = 0.6 21 21.6 * 0.7 0 0
Low 47 219 = 0.8 25 20.8 = 0.8 17 245 += 1.7
Limpet Ambient 81 159 = 0.4 23 16.9 = 0.8 23 18.0 = 0.4
P. rustica Moderate 32 16.2 = 0.6 22 17.1 = 0.6 0 0
Low 35 18.5 * 0.9 16 185 + 0.9 15 199 + 1.3

300 m from the CO, seep were in generally ‘good’ (levels unlikely to be
harmful) condition in terms of the heavy metal pollution (Ba, Fe and
trace elements As, Cd, Co, Cr, Cu, Hg, Mn, Mo, Ni, Pb, V, and Zn). None
of the three sites examined in the present study were located < 300 m
of the seep (see distances above).

Every gastropod encountered (all sizes) was collected haphazardly
by hand while snorkeling in May 2013 at the three sites described
above. Collections focused on removing all gastropods within an area of
approximately 15m X 15m at each site. Site-specific sample sizes of
gastropods at the time of collection were: P. caerulea (Ambient: n = 20;
Moderate: n = 31; Low: n = 47), P. rustica (Ambient: n = 81;
Moderate: n = 32; Low: n = 35), O. turbinatus (Ambient: n = 50;
Moderate: n = 31; Low: n = 28), H. trunculus (Ambient: n = 24;
Moderate: n = 34; Low: n = 25). All collected individuals of each
species were placed into zip-lock bags, sealed, then placed inside tightly
capped 2-liter plastic bottles, and transported to the University of
Alabama at Birmingham, USA. Immediately upon arrival, the gastro-
pods were removed from their shells and their respective soft tissues
placed into labeled, 250 mL plastic jars with a solution of 4% formalin.
All shells were rinsed repeatedly under flowing, distilled water and
gently scrubbed clean by hand, labeled, and then air dried and digitally
photographed using a Nikon D5100 digital camera. For each shell,
length, width, height, and shell aperture width and height were mea-
sured to the nearest tenth of a millimeter using a digital caliper
(iGaging 6” External Caliper). All shell length data were used for in-
traspecific comparisons of the mean sizes of individuals of each gas-
tropod species at each of the three seep sites.

The numbers of shells examined varied with the type of analysis. A
quantitative approach was taken for determinations of shell mineralogy
and shell strength (point compression). Numbers of shells examined for
mineralogy using X-ray diffraction ranged from 11 to 25 for a given site,
while sample sizes of shells used for shell strength analysis (Ambient
and Low sites only) ranged from 7 to 23 for a given site (Table 1). Shells
for these analyses were randomly selected from the pool of available
shells by numbering all of them and using a random number generator
in Microsoft Excel to choose those for analysis. A qualitative approach
was taken for scanning electron microscopy and electron backscatter
diffraction carried out on a representative shell from each of the three
sites. Individuals on the extreme ends of shell condition were removed
from consideration and a randomly selected individual was chosen from
the remaining shells to be a representative shell for these two analyses
(one shell per species per site).

2.2. X-ray diffraction analysis (XRD)

Shells of each gastropod species were examined for their mineralogy

(aragonite and calcite in both limpets; only aragonite in the top-shell
snail and whelk) by X-ray diffraction (Ries, 2011). Shells were prepared
by repeatedly submerging each shell in a 10% NaClO solution to digest
away all residual organic tissue (McClintock et al., 2011). Clean shells
were rinsed under distilled water, and then air-dried for a period of
12 h. Shells were wrapped in sterile gauze and broken into fragments
with a hammer. Fragments were subsequently placed into an agate
mortar along with one to two mL of 95% ethanol and then ground to a
slurry with an agate pestle. The resultant slurry was placed onto a
25mm X 75 mm X 1 mm glass microscope slide and air dried for 12 h
to a powder.

Powdered shell was analyzed using a Philips X'Pert Analytical X-ray
diffraction system (PANalytical B.V., Almelo, Netherlands). X-ray dif-
fraction data were collected at 45 kV and 40 mA, and the 20 scan range
was from 25° to 50°, with a step size of 0.06 and scan speed of 2s
step” ! to obtain precise measurements of calcite and aragonite peaks.
The resulting X-ray diffraction pattern for each shell was used to de-
termine the levels (percent) of calcite and/or aragonite using equations
given in Ries (2011). The primary calcite peak (d(104)) corresponded
to 20 = 29.5-30.2° on the X-ray diffraction pattern generated. The two
primary aragonite peaks (d(111) and d(021)) corresponded to
20 = 26.3° and 27.2°, respectively (Milliman, 1974).

2.3. Scanning electron microscopy (SEM) and electron backscatter
diffraction (EBSD) analyses

Whole shells of representative individuals from each gastropod
species from the Ambient and Low sites were examined using scanning
electron microscopy and electron backscatter diffraction by first im-
mersing each shell in epoxy resin (EpoThin Epoxy System) followed by
a curing period of at least 24 h at room temperature. Epoxy-embedded
shells were then cut in half longitudinally using a diamond tipped saw.
The exposed surface of the embedded shell was then ground and po-
lished for analysis following the protocol described in Pérez-Huerta and
Cusack (2009) excluding the use of colloidal silica. One-half of a shell
from each species from the Ambient and Low sampling sites was ex-
amined using scanning electron microscopy. The other half of the same
shell from each individual was examined using electron backscatter
diffraction, which is a technique that is complementary to SEM and
provides a higher resolution capacity to evaluate crystal orientation and
texture.

Resin-embedded shell halves for scanning electron microscopy
analysis were etched with 2% HCI for a period of 30s, generously
coated with gold using a sputter coater so as to account for shell cur-
vature, and imaged using a Quanta FEG 650 Scanning Electron
Microscope (FEI) (working distance = 10 mm) set on high-vacuum
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mode at 20 kV with a spot of four. Our use of an elevated 20 kV was
based on the assumption that the structures (cross sections) had some
depth and facilitated the acquisition of valid information. Scanning
electron microscopy images were collected from the apex region of the
limpet shell halves. The apex of the shell is the oldest portion of the
shell and erosion becomes evident at this location first. Images for the
shell halves of top-shell snails and whelks were collected for a single
uniform ventral location on the first shell whorl above the aperture.

Shell halves for electron backscatter diffraction analysis were coated
with a 2.5 nm layer of carbon and the epoxy resin surrounding each
shell hand-painted with silver paint to decrease electron charging (see
Pérez-Huerta and Cusack, 2009). Electron backscatter diffraction was
carried out with a Hikari EDAX camera mounted on a Field Emission
Scanning Electron Microscope (Tescan Lyra XMU). OIM 7.0 software
was employed to collect data at 30 kV, under a high vacuum mode,
large beam intensity (20), and at a step size resolution of 1 pm or less.
Electron backscatter diffraction images were collected from the apex of
the representative limpet shells. Electron backscatter diffraction data
were analyzed using OIM 5.3 from EDAX-TSL and presented in dif-
fraction maps and crystallographic maps, with different colors re-
presenting different crystal orientations within a given region of shell
(further details in Pérez-Huerta et al., 2011).

2.4. Shell strength analysis

Replicate shells of individuals of each gastropod species collected
from the Ambient and Low sample sites were used for mechanical
strength analysis. Shells were cut with a diamond saw such that por-
tions of both the external and internal surfaces of the shell were isolated
for analysis. Shells of the two species of limpets were cut horizontally,
at two-thirds of the shell's length as measured from the anterior tip. The
apex of limpet shells was selected as the site for measures of external
shell surface strength. The internal shell surface was tested at a site
approximately 1-3 mm (adjusted proportionately to the total length of
the shell) from the posterior tip of the shell.

Shells of the top-shell snail and the whelk were cut horizontally
above the aperture to expose the inner shell surface. Point compression
was tested for the inner surface of each shell at a standardized location
halfway across the length, and 4 mm from the lip, of the aperture. The
shell apex was selected for measurements of external shell strength for
the top-shell snail. For the whelk, the surface of the shell's whorl, di-
rectly above the aperture, was used for measures of the external shell
strength. Prior to shell strength measurements, each shell sample was
embedded in resin such that only the outer and inner shell surfaces
described above were left exposed. The limpet shells were embedded in
JB Weld epoxy. The shells of the top-shell snail and the whelk were
embedded in EpoThin Epoxy Resin rather than JB Weld because the
latter was too viscous to fill the whorls of the shells.

Shell mechanical strength analyses were conducted using a point
compression measure of the force necessary to crack a given shell. This
technique also allowed for indirect calculations of shell toughness and
shell elasticity. For each point compression analysis, a shell sample was
placed onto the flat stage of a force stand (LRX Plus, Lloyd Instruments)
and the compression measure performed using a metal point affixed to
the stand. A 5-kN load cell was used with the metal point lowered at a
speed of 0.03 mm'min~? for shells of both limpets and at a speed of
0.06 mmmin~ ' for shells of the top-shell snail and whelk. During each
run, the point was lowered until shell fracture occurred. The force ex-
erted on the shell during the run and the machine extension (distance
the machine arm moved between readings) was continuously recorded
using NEXYGENPlus software. Data derived from force and machine
extension measures were used to determine Young's Modulus (elasti-
city) via stress-strain curves employing the following equations:

Stress = 0 = F
A
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. AL
Strain = ¢ =

e

where F is force (N) at a given time point; A is the area (m?) of the metal
point used for the compression test; AL is the machine extension (m),
and L. is the effective length (m). Elasticity was calculated as the slope
between two points of the linear portions of the stress-strain curves
(Ao/Aeg) for each shell analyzed. The amount of energy per unit volume
the shell withstands before breaking (toughness; Jm~ ®) was calculated
as the area under the stress-strain curve.

2.5. Statistical analyses

Mean shell lengths of all individuals collected from the Ambient,
Moderate, and Low sites were compared within each of the four gas-
tropod species. Shell length data that were normally distributed were
compared using an ANOVA followed by a post-hoc Tukey test. For shell
length data that was not normally distributed, log transformed data
were subjected to a nonparametric Kruskal-Wallace rank sum test fol-
lowed by a Dunn's test.

For data generated from XRD analysis, covariance of mean percent
( £ 1 SE) of calcite and aragonite with both site (Ambient, Moderate,
and Low) and size (shell length) was tested using a linear regression
model. The mean percent ( + 1 SE) of calcite and aragonite were
compared across the three sites (pH) for both of the limpet species.
These data were not normally distributed and were therefore subjected
to a Kruskal-Wallis test followed by a Dunn's test. As the top-shell snail
and the whelk were composed entirely of aragonite, no site compar-
isons were necessary.

Shell mechanical strength data were compared separately for in-
ternal and external shell surfaces for each of the four gastropod species.
For each shell surface type, data were compared between the Low and
the Ambient sites for three shell structure measures (force, toughness,
and elasticity). Covariance of these variables with both site (pH) and
size (shell length) was determined using a linear regression model.
There were several cases in which the data were adjusted for shell size
(length) because a covariance between site (pH) and size (shell length)
was detected. These included both the toughness and elasticity of the
external shell surface in the limpet P. rustica, the force required to break
the internal shell surface in the top-shell snail O. turbinatus, and the
toughness of and force required to break the internal shell surface in the
whelk H. trunculus. Normally distributed data were compared between
the Ambient and Low sites using a Student's t-test. Data that were not
normally distributed were compared using a Mann-Whitney U test. R
3.3.1 Statistical Software (R Development Core Team, 2016) was used
to conduct all statistical analyses and a p < 0.05 was considered sig-
nificant.

3. Results

Mean = 1 SE sizes (shell length) of the four species of gastropod
intensively collected (every individual encountered was collected) from
each of the three pH sites are presented in Fig. 2. Mean shell length did
not differ significantly among the three pH sites in the limpet, P.
caerulea, (ANOVA, F305 = 2.717, p = 0.071) and the whelk H. trun-
culus (Kruskal-Wallis test, H, = 2.95, p = 0.229). However, mean shell
length differed significantly between sites for the limpet, P. rustica,
(ANOVA, F(2126) = 4.05, p = 0.02) and the top-shell snail O. turbinatus
(Kruskal-Wallis test, H, = 9.07, p = 0.011). Specifically, shells of the
limpet P. rustica were, on average, longer at the Low site than those at
the Ambient site (Tukey HSD test, p = 0.015). In contrast, shells of top-
shell snail collected from the Low site were, on average, shorter than
those at the Ambient site (Dunn's test, p = 0.0013).
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Fig. 2. Mean shell length for four species of gastropods collected from ambient, moderate,
and low pH sites in shallow water off Vulcano. Error bars = SE mm. Lowercase letters
represent significant differences in mean shell lengths for each species for each of the
three seep sites.

3.1. X-ray diffraction

X-ray diffraction analysis for three of the gastropod species agreed
with previous studies reporting that the shells of the limpets, P. caerulea
and P. rustica were both composed of aragonite and calcite (Lécuyer
et al., 2012; Langer et al., 2014. We found the shell of the topshell
Osilinus turbinatus was composed entirely of aragonite as reported by
Mannino et al. (2008). We report herein the first analysis of the mi-
neralogy of the whelk Hexaplex trunculus whose shell we found to also
be entirely constructed of aragonite.

For the two limpets whose shells contained both polymorphs of
calcium carbonate we found mean ( = 1 SE) percent calcite and ara-
gonite ranged from 96.2 + 0.97 to 97.7 = 0.69 and 2.3 = 0.69 to
3.8 = 0.97, respectively, for P. caerulea. Mean =+ 1 SE percentages of
aragonite and calcite in shells did not differ significantly with site for P.
caerulea (Kruskal-Wallis test, H, = 1.143, p = 0.5647), but differed
significantly by site for P. rustica (Kruskal-Wallis test, H, = 13.569,
p = 0.0011) (Fig. 3). Mean (= 1 SE) percent calcite and aragonite
ranged from 84.5 = 1.6t094.6 = 1.3and 5.4 = 1.3t015.6 = 1.6,

E % Aragonite
Hl % Calcite

Percentage (%)

S S
& & S & &S
& &

RN RN

Patella caerulea Patella rustica

Fig. 3. Percentages of aragonite and calcite in the shells of the limpets Patella rustica and
P. caerulea collected from ambient, moderate, and low pH sites off Vulcano. Lowercase
letters indicate significant differences in the ratio of aragonite to calcite in shells within a
given species. Comparisons were made only within, not between, species.
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respectively, for P. rustica. Significant differences in the ratios of calcite
to aragonite were found in the shells of P. rustica collected at the Low
site as compared to the Moderate site (Dunn's test, p = 0.0004). Levels
of aragonite in shells of limpets from the Low site were about a third
(5.4% versus 15.6%) of those in shells of individuals from the Moderate
site (Fig. 3).

3.2. Shell Imaging

Digital photographs of shells collected from each of the three pH
sites revealed varying levels of dissolution among the four species of
gastropods. Randomly selected individuals were chosen as re-
presentatives of each species from all three study sites (Fig. 4). Shells of
the whelk H. trunculus collected at the Low site showed the most dra-
matic shell dissolution with considerable pitting and erosion of the
outermost layer (Fig. 4a—c). In some instances, whelk shells from this
site displayed irregularly shaped holes that measured up to 5 mm dia-
meter. The top-shell snail and the sublittoral limpet P. caerulea showed
a similar, but more modest level of shell dissolution that increased with
proximity to the Low site. Shells of both species from the Moderate site
had reduced luster and faded pigmentation, while shells at the Low site
displayed mild dissolution of the outermost layer (Fig. 4: d—f; j-1 re-
spectively). Slight shell dissolution was evident at the shell apex (oldest
region) of the intertidal limpet P. rustica at the Low site, but was less
evident at the other two sites (Fig. 4g-i).

Scanning electron microscopy indicated qualitatively that each re-
presentative shell from each site of the bimineralic limpets' P. caerulea
and P. rustica had an outer prismatic calcite layer above an inner
crossed-lamellar aragonite layer (Fig. 5a-b). The representative shells
of the entirely aragonite top-shell snail and whelk were found to be
constructed of multiple layers. While the whelk had only crossed-la-
mellar microstructure evident, the top-shell snail had both prismatic
and crossed-lamellar microstructures present (Fig. 5c—d).

Electron backscatter diffraction images of a representative shell of
the limpet P. caerulea collected from the Low site revealed qualitatively
an increased disorganization of the crystallography of the calcite layer
(Fig. 6). The outermost edge of the representative shell collected from
the Ambient site displays a thin layer (< 20 um) of small, irregularly
shaped calcite crystals (Fig. 6a-b). These crystals show a preferred
(most common) crystallographic orientation with the c-axis parallel to
the outermost edge of the shell. This outermost shell layer of the in-
dividual from the Ambient site was separated from an inner calcite
layer by a distinct organic layer (Fig. 6a). The inner sublayer of the
calcite layer was composed of larger, prismatic crystals oriented with
the c-axis perpendicular to the outermost shell layer (Fig. 6b). A tran-
sition from the outer calcite layer to the inner aragonite layer is denoted
by progression to a region of discontinuous diffraction. The re-
presentative shell of an individual from the Low site had a single
thinner, more disorganized calcite layer (Fig. 6d—e), without the pris-
matic layer and the outermost thinner layer. The preferred crystal-
lographic orientation is with the c-axis parallel to the horizontal plane
of the shell.

Electron backscatter diffraction images of representative shells of
the limpet P. rustica collected from the Ambient and Low sites revealed
relatively similar shell crystallography at both sites (Fig. 7). While the
shell from the Ambient site had overall lower electron diffraction
(Fig. 7a), it is evident that two discrete portions make up the calcite
layer: an outer sublayer with smaller crystals oriented with the c-axis
parallel to the outermost edge of the shell, and an inner sublayer
composed of larger crystals with a preferred orientation with the c-axis
perpendicular to the outermost edge of the shell (Fig. 7b). The same two
sublayers within the calcite layer are even more obvious within the
shell of a representative individual collected from the Low site
(Fig. 7d—e). The outer sublayer of the calcite layer is composed of small,
irregularly shaped crystals, which demonstrate a preferred orientation
with the c-axis parallel to the outermost edge of the shell. The inner
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Ambient

Moderate

Low

Fig. 4. Representative digital photographs of shells collected from ambient (row 1), moderate (row 2), and low (row 3) pH sites off Vulcano for the gastropods Hexaplex trunculus (a—c),
Osilinus turbinatus (d—f), Patella rustica (g-i), and Patella caerulea (j-1). Scale bars for each picture represent 1 cm. Arrows indicate areas of visible dissolution.

sublayer of the calcite layer is less well defined, but is composed of
larger crystals oriented with the c-axis perpendicular to the outermost
edge of the shell. There is no obvious simplification of the crystal-
lographic structure of the calcite layer within the shell of P. rustica at
the Low site (Fig. 7d). There does appear, however, to be some loss of
organization of the inner (and newer) portion of the calcite layer in the
shell from the representative individuals from the Low site (Fig. 7e).

3.3. Shell strength characteristics

The mean force required to fracture the shell did not differ sig-
nificantly between the Ambient and Low sites for any of the four gas-
tropod species for either the external (P. caerulea: p = 0.5242; P. rus-
tica: p = 0.6349; O. turbinatus: p = 0.8506; H. trunculus: p = 0.2905;
Fig. 8a) or internal surfaces (P. caerulea: p = 0.355; P. rustica:
p = 0.650; O. turbinatus: p = 0.118; H. trunculus: p = 0.574; Fig. 8b).
The mean shell toughness (Jm™ 3) of external shell surfaces also did not
differ significantly between shells of individuals from the Ambient and
Low sites for any of the gastropod species (P. caerulea: p = 0.6207; P.
rustica: p = 0.9362; O. turbinatus: p = 0.8586; H. trunculus: p = 0.8672;
Fig. 8c). In contrast, the mean shell toughness of internal shell surfaces
differed significantly between the two sites for two of the four gas-
tropod species, the limpet P. rustica (t-test, t35s = 2.776, p = 0.009) and
the whelk H. trunculus (t-test, t;4 = 2.565, p = 0.022) (Fig. 8d). Inner
surfaces of shells of the limpet P. rustica collected from the Low site had

significantly higher toughness values than those of individuals collected
at the Ambient site. In contrast, inner surfaces of the whelk shells col-
lected from the Low site had significantly lower toughness values than
those of individuals collected at the Ambient site.

A significant difference in the mean elasticity (ability to deform and
rebound) of the external shell surface was detected in the top-shell snail
(t-test, t;g = 2.423, p = 0.026), but not among any of the three other
species (P. caerulea: p = 0.639; P. rustica: p = 0.629; H. trunculus:
p = 0.431; Fig. 8e). The external surface elasticity was significantly
reduced in top-shell snail shells from individuals at the Low site
(0.25 =+ 0.02 GPa; n = 8) when compared to those from the Ambient
site (0.34 = 0.02 GPa; n = 12). Both species of limpets had inner shell
surfaces with significantly lower elasticity at the Low site (P. caerulea: t-
test, tp; = 2.736, p = 0.012; P. rustica: t-test, t3s = 4.45, p < 0.0001;
Fig. 8f). Mean elasticity of the inner shell surface did not differ sig-
nificantly among shells of individuals of the top-shell snail (t-test,
t;5 = 0.639, p = 0.533) or whelk (t-test, t;4 = 1.127, p = 0.279) col-
lected from the Ambient and Low sites (Fig. 8f).

4. Discussion

The present study is consistent with the consensus that there is a
wide degree of species-specific variation in responses of marine mol-
lusks to ocean acidification (Parker et al., 2013). For example, sig-
nificant differences were found even among limpets of the same genus
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Fig. 5. Scanning electron microscopy of shells from four gastropod species collected at three CO, seep sites off Vulcano Island, Italy. (a) Patella caerulea, (b) Patella rustica, (c) Hexaplex
trunculus, and (d) Osilinus turbinatus. For the two limpets (a,b) aragonite layers are marked with an “A”, and calcite layers are marked with a “C.” For the whelk (c) and top shell (d) the
shells are composed entirely of aragonite. Example of prismatic layer marked with a “P”; crossed-lamellar layer marked with a “CL.” Scale bars represent 100 um.

in the present study. While various properties of the CaCO3 shells ap-
pear to be resilient to chronic pH levels as low as 7.7, evidence of
dissolution, disorganized and simplified crystallographic arrangement
of minerals, and impaired shell integrity suggest challenges to survival
in a near future pH environment. We found that the calcite/aragonite
ratio varied and increased significantly with chronic exposure to re-
duced pH in shells of the limpet P. rustica. Moreover, each of the four
species of gastropods displayed reductions in elasticity or inner shell
toughness when collected from the Low pH site. Whether these com-
promised shell features hinder populations remains to be determined.
However, it is noteworthy that Hall-Spencer et al. (2008) found that
both the whelk and top-shell snail in the present study were reduced or
absent at a separate seep site (Ischia, Italy) at pH levels similar to our
Low site. The results presented here depict a situation in which gas-
tropods experience alterations in biomineralization and mechanical
properties of their shells. These alterations have the potential to render
individuals more susceptible to infection or predation.

Wide varieties of mollusks are highly susceptible to the effects of
ocean acidification, including those of high commercial importance
(Cooley et al., 2012, 2015). Studies carried out at Mediterranean CO,
seeps have shown that gastropod species diversity declines as seawater
pH levels fall and that pH-tolerant species are often smaller than con-
specifics living under ambient pH conditions due to increased physio-
logical stress and shell dissolution (Cigliano et al., 2010; Milazzo et al.,
2014; Garilli et al., 2015; Harvey et al., 2016). Laboratory studies on a
variety of mollusks have also shown a decrease in calcification, growth,

overall body size, abundance and survival in individuals exposed to
acidified conditions (reviewed by Kroeker et al., 2013a). The two spe-
cies of limpets examined in the present study, P. caerulea and P. rustica,
are clearly exceptions to this general trend, as shell length did not de-
crease with increasing proximity to the CO, seeps. Rodolfo-Metalpa
et al. (2011) found that P. caerulea living at high CO- levels were able to
upregulate calcification rates to counteract dissolution, and that this
adaptation to hypercapnia was retained even when individuals were
transplanted to ambient pH conditions. Here, we found that P. caerulea
demonstrated a statistically non-significant trend towards increased
size with decreasing pH, while P. rustica significantly increased in shell
size with decreasing pH. Ransome (2007) found that although the
abundances of P. caerulea decreased with declining pH at a CO, seep off
the island of Ischia, Italy, mean shell length increased significantly. The
larger size of P. caerulea at low-pH sites at multiple CO, seep systems
suggests that this species may be reaping the benefits of increased
productivity of the microphytobenthos (Johnson et al., 2015). It has
been previously demonstrated in mollusks that increased food avail-
ability offset decreases in calcification rates and growth due to ocean
acidification (Melzner et al., 2011; Thomsen et al., 2013).

A number of investigators have noted that marine invertebrates able
to persist in acidified conditions are likely to benefit from decreased
competition for the abundant algal food resources known to char-
acterize sites close to seeps (Porzio et al., 2011; Baggini et al., 2015).
The larger sizes of P. caerulea collected from the site nearest the CO,
seep may also be the result of individuals allocating greater amounts of
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Fig. 6. Electron backscatter diffraction data for sections across the thickness of shells of Patella caerulea collected from ambient (a—c) and low (d-e) pH seep sites. (a, d) Diffraction
intensity maps of shell section. (b, e) Corresponding crystallographic maps demonstrating the orientation of calcite crystals. (c) Color-key for calcite crystallographic planes. White arrows
indicate the preferred orientation of crystals (a, b) Scale bars represent 100 um. (d—e) Scale bars represent 70 um.
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Fig. 7. Electron backscatter diffraction data for sections across the thickness of shells of Patella rustica collected from ambient (a—c) and low (d—e) pH sites. (a, d) Diffraction intensity
maps of shell sections. (b, e) Corresponding crystallographic maps demonstrating the orientation of calcite crystals. (¢) Color-key for calcite crystallographic planes. White arrows indicate
the preferred orientation of crystals (a, b). Scale bars represent 100 um. (d-e) Scale bars represent 90 pm.
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Fig. 8. Material strength characteristics for external (a, ¢, & e) and internal (b, d, & f) shell surfaces of four gastropod species collected from ambient, moderate, and low pH seep sites.
Force (N) required to fracture the shell surface (a &b), log transform of shell surface toughness (J/m) (c—d), elasticity (GPa) of the shell surface (e—f). Bars represent means = 1SE, for
each species at the given pH. Significantly different means (p < 0.05) are indicated with an asterisk (*).

energy to shell growth. As shells of juvenile or early adult mollusks are
at greater risk of dissolution (Bamber, 1990; Green et al., 2004), limpets
may necessarily be compensating by depositing additional shell mate-
rial that ultimately generates larger shell size in a more acidic en-

vironment.

In contrast to the limpets, the top-shell O. turbinatus exhibited a
significant decrease in shell length with decreasing pH. Similarly, the
whelk Hexaplex trunculus displayed a trend towards smaller shell size
with increasing hypercapnia, which has since been verified statistically
by Harvey et al. (2016). Both gastropods have shells composed entirely
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of aragonite, a mineral known to be about 1.5 times more soluble than
calcite (Mucci, 1983), while containing crystals that are smaller and
more densely packed than calcite (Weiner and Addadi, 1997). This
difference in crystalline microstructure makes it more energetically
demanding to build or replace shell material that is composed of ara-
gonite (Allemand et al., 2011). Combined, these factors increase the
challenges for calcified marine invertebrates with aragonite shells to
grow to adult size and maintain their shells under low pH stress. Ac-
cordingly, the aragonitic shell of new recruits of the reef-building ver-
metid gastropod Dendropoma petraeum transplanted along the CO,
gradient off Vulcano Island, dissolved at low pH levels (Milazzo et al.,
2014). Moreover, the Mg/Ca content of their shells significantly in-
creased in seawater with lowered carbonate ion concentrations, re-
flecting an impaired ability of the vermetids to remove Mg from hae-
molymph and extrapallial fluids.

Because there exist differences in the solubility of shells under re-
duced pH based on their ratio of calcite to aragonite (Milliman, 1974),
it is important to evaluate the lability of the ratio of these CaCO3
polymorphs at the three pH sites sampled in the present study. The two
limpets in the present study, P. caerulea and P. rustica, demonstrated
varying responses in mineralogy to chronic exposure to ocean acid-
ification. Patella rustica exhibited a significant increase in shell calcite
content at the low pH site, while P. caerulea exhibited no change in
mineralogy across all three sites. These observations were contrary to
our expectations, as two previous studies of P. caerulea found that in-
dividuals counteract dissolution of their shells in reduced pH seawater
by up-regulating calcification, resulting in a thickening of the shell's
aragonite layer (Rodolfo-Metalpa et al., 2011; Langer et al., 2014). It is
possible that P. rustica exposed to ocean acidification has the flexibility
to alter its mineralogy such that levels of calcite, a more stable and less
soluble polymorph of CaCOs, are increased relative to aragonite. Si-
milarly, Ries (2011) found that the serpulid polychaete Hydroides cru-
cigera and the whelk Urosalpinx cinerea increased the proportions of
calcite to aragonite in their shells in response to increased pCO,. Ries
(2011) postulates that difficulty in maintaining a supersaturated con-
dition at the site of calcification due to acidosis could be responsible for
the preferential production of calcite over aragonite. Because aragonite
is more soluble than calcite, the site of calcification becomes under-
saturated with respect to aragonite earlier than calcite.

Patella caerulea may be responding in the same way as P. rustica, but
higher levels of dissolution of the external calcite due to the lack of a
periostracum actually outweigh the production of calcite. Beniash et al.
(2010) found that the oyster Crassostrea virginica demonstrated de-
creased shell mass with no corresponding decrease in shell size. The
authors suggest that while the organism is still able to biomineralize,
either dissolution of the external shell or increased energetic demand
led to thinner shells being constructed. While no data was collected for
shell thickness, the same disruption in the balance between dissolution
and production could contribute to the mineralogy ratio in P. caerulea.
Future studies of these limpet species should include an investigation
into the shell thickness across the three sampling sites. As demonstrated
by Langer et al. (2014), this would help determine which layer (calcite
or aragonite) demonstrates changes in response to ocean acidification
and exactly what those changes encompass.

The morphology, arrangement, and orientation of the calcite or
aragonite crystals can also affect shell solubility under acidified con-
ditions (Harper, 2000). While the morphology of individual crystals
was not investigated in the present study, we did identify several shell
microstructures (prismatic, crossed lamellar) as well as alterations in
calcite crystal orientation in limpet shells. However, it is important to
note that these analyses were carried out with a single representative
shell from each different pH site and need to be further verified with
larger sample sizes. Although electron backscatter diffraction analysis
of aragonitic shell microstructures is possible, including those of lim-
pets (e.g., Suzuki et al., 2010), the absence of sufficient diffraction and
continuous data prevented the use of this technique to examine the
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aragonitic shells of the top-shell snail and whelk and the aragonite
layers of the limpet shells. While electron backscatter diffraction data
presented in the present study must be cautiously interpreted given
small sample size, the observed change in crystal orientation in the shell
of P. caerulea (lacking a protective periostracum) collected at the low
pH site could be indicative of a crystallographic response to ocean
acidification. Several studies have shown that shell ultrastructure can
be altered, and the level of disorganization of calcite or aragonite
crystals increased, under conditions of ocean acidification (Welladsen
et al., 2010; Hahn et al., 2012; Fitzer et al., 2014; Li et al., 2014).

Finally, three measures of the material properties of shells in all four
gastropod species were employed to determine quantitatively if shell
integrity is compromised with chronic exposure to reduced pH. Despite
visible evidence of dissolution of external surfaces of shells collected for
all species from the Low site, no significant reduction in the force re-
quired to fracture shells was observed. Taken alone, this could be in-
dicative of a resilience of mechanical strength to ocean acidification.
However, given the impacts observed in the present study on the re-
duced integrity (elasticity and toughness) of the internal shell surfaces,
this is unlikely. Welladsen et al. (2010) reported that while exposure to
near-future levels of ocean acidification decreased the force required to
crush the shell of the oyster Pinctada fucata, there was no change in the
force needed to initially fracture (crack) the shell. While no significant
change in the force necessary to fracture shells was seen between gas-
tropods collected from our Low and Ambient sites, it is possible that
additional measures of shell strength such as crushing compression may
have revealed a decrease in force required to crush shells of individuals
living at the Low pH site.

Changes to internal shell surface integrity suggests either dissolu-
tion is occurring or calcification is impaired due to physiological stress
associated with a low pH environment or the undersaturation of ara-
gonite that characterizes the Low site (Milazzo et al., 2014). For ex-
ample, Welladsen et al. (2010) reported that the aragonitic inner shell
layer of the pearl oyster Pinctada fucata became disorganized, with
crystal structures developing as misshapen and irregular when chroni-
cally exposed to reduced pH. The resulting aragonite layer had de-
creased shell integrity. While crystal structure was not investigated for
the aragonite layers in this study, it is possible that the altered shell
integrity observed is a response to impaired biomineralization of the
inner aragonite shell layer. Aragonite requires a greater energetic in-
vestment to produce than calcite (Allemand et al., 2011), so pH stress
may reduce the capacity to maintain or produce the inner shell surface.
Costs of shell maintenance and production are not trivial. For example,
the cost of producing the organic matrix within calcium carbonate can
cost an organism 10-60% of the energy invested in somatic growth, and
the polymorph aragonite has a higher level of organic material within
its matrix than does calcite (Palmer, 1992). Aragonite that is less tough
or less elastic because of insufficient energy for biomineralization could
render the gastropods more susceptible to predation. Both crabs and sea
birds have been observed to pry or chip at the edges of limpet shells to
gain access to the soft body tissues (Coleman et al., 1999). Reduced
shell elasticity may compromise the ability to withstand such predator
attacks, as well as those from crushing predators. H. trunculus is unique
among the four gastropods examined as it not only depends on its shell
as refuge from predators, but uses the toothed lip of the shell aperture
to chip off the shells margins of prospective prey including gastropods
and bivalves (Peharda and Morton, 2006; Morton et al., 2007). With
high levels of dissolution and pitting observed in the external shell and
the decreased toughness of the internal shell detected, it is likely that a
shell-chipping mode of predation will be compromised. Should H.
trunculus, whose shell integrity at the Low pH site was compromised by
gaping holes exposing soft tissues, suffer population level mortality
from future infectious disease, trophic dynamics are likely to shift sig-
nificantly as a top predatory carnivore on gastropods and bivalves is
removed from the community.
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