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A B S T R A C T

Volcanic CO2 vents are useful environments for investigating the biological responses of marine organisms to
changing ocean conditions (Ocean acidification, OA). Marine shelled molluscs are highly sensitive to changes in
seawater carbonate chemistry. In this study, we investigated the effects of reduced pH on the intertidal gastro-
pod, Phorcus sauciatus, in a volcanic CO2 vent off La Palma Island (Canary Islands, North East Atlantic Ocean), a
location with a natural pH gradient ranging from 7.0 to 8.2 over the tidal cycles. Density and size-frequency dis-
tribution, shell morphology, shell integrity, fracture resistance, and desiccation tolerance were evaluated between
populations from control and CO2 vent sites. We found no effects of reduced pH on population parameters or
desiccation tolerance across the pH gradient, but significant differences in shell morphology, shell integrity, and
fracture resistance were detected. Individuals from the CO2 vent site exhibited a higher shell aspect ratio, greater
percentages of shell dissolution and break, and compromised shell strength than those from the control site. Our
results highlight that long-term exposure to high pCO2 can negatively affect the shell features of P. sauciatus but
may not have a significant effect on population performance. Moreover, we suggest that loss of shell properties
could lead to changes in predator-prey interactions.

1. Introduction

Anthropogenic emissions of carbon dioxide (CO2) are causing modifi-
cations of the inorganic carbon chemistry of the ocean, leading to ocean
acidification (OA). This process is characterized by reductions in seawa-
ter pH, carbonate ion [CO3 2–] concentrations and decreased aragonite
and calcite saturation states (Ω) (IPCC et al., 2014). Several studies
have reported that calcified marine invertebrates exhibit varying biolog-
ical responses to OA (Harvey et al., 2013; Kroeker et al., 2013).
Shelled molluscs, which play key ecological roles in the marine ecosys-
tem (Gazeau et al., 2013), are particularly vulnerable to alterations
in seawater carbonate chemistry (Duquette et al., 2017). Reductions
in pH have a direct impact on the metabolism of gastropods and bi-
valves and can affect their internal pH homeostasis (Pörtner, 2008)
and key physiological processes, such as larval development (Gaylord
et al., 2011), shell formation (Onitsuka et al., 2014), and reproduc-
tion (Harvey et al., 2016).

Changes in CO3 2– concentrations can impair shell biomineraliza-
tion processes and alter shell composition in molluscs (Langer et al.,
2018). Previous studies have shown that certain species of gastropods
exposed to elevated CO2 partial pressure (pCO2) levels experienced re

ductions in net calcification and shell mechanical properties, while oth-
ers showed neutral or even positive responses (Ries et al., 2009;
Rodolfo-Metalpa et al., 2011; Duquette et al., 2017). The variabil-
ity in responses suggests that calcium carbonate (CaCO3) production de-
pends on the ability of each species to build and maintain protective
shells under lower pH values and CO3 2– concentrations (Findlay et al.,
2011). However, the physiological costs of maintaining metabolic rates
and coping with external shell dissolution across pH gradients (McClin-
tock et al., 2009; Nienhuis et al., 2010; Harvey et al., 2016) can
lead to reductions in shell growth, strength, and changes in shell mor-
phology (Melatunan et al., 2013; Coleman et al., 2014; Rühl et al.,
2017; Meng et al., 2018).

Previous evidence suggests that changes in the calcified structure of
marine gastropods could pose a threat to their capacity to cope with
environmental stressors, such as wave action, thermal stress at low
tide, and predation (Vermeij, 1973; Garrity, 1984; Kroeker et al.,
2014), which could trigger changes at the population level (Kurihara,
2008). Recent research at CO2 vents in the Mediterranean has shown
a significant reduction in the abundance (Hall-Spencer et al., 2008;
Kroeker et al., 2011) and proportion of gastropod females (Harvey
et al., 2016) exposed to elevated pCO2 levels. Furthermore, changes
in shell shape, size, and thickness in response to changes in carbonate
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chemistry have been observed in limpets, whelks, top-shells, and nas-
sariid snails living near CO2 vents (Garilli et al., 2015; Duquette et
al., 2017). Similar effects on the shell, including progressive shell dis-
solution and deterioration, have been detected in dove and triton snail
populations in vent environments in Taiwan (Chen et al., 2015) and
Japan (Harvey et al., 2018).

Although mesocosm laboratory experiments have provided relevant
information about the vulnerability of gastropods to changes in seawa-
ter chemistry, natural acidified systems present certain advantages when
investigating the effects of long-term exposure to pCO2 gradients on in-
tertidal communities (Agostini et al., 2018; Milazzo et al., 2019).
These natural laboratories allow the incorporation of multiple environ-
mental drivers and ecosystem processes (such as carbonate system pa-
rameters, food availability, predation, etc.) (González-Delgado and
Hernández, 2018). However, the use of CO2 seeps for OA studies also
presents certain challenges. Pronounced fluctuations in venting inten-
sity, pH oscillations due to coastal dynamics (such as photosynthesis,
tides, upwelling events), and interacting gradients in carbonate chem-
istry may confound the effects of high pCO2 on organisms (Rastrick
et al., 2018). In addition, larval dispersal strategies and connectivity
among populations may also be potential challenges when assessing the
resilience of species to high pCO2 environments (Sunday et al., 2014).

The present study estimated the effects of long-term exposure to re-
duced pH conditions on the intertidal gastropod Phorcus sauciatus (Koch,
1845) at a volcanic CO2 vent on La Palma Island (Canary Islands). This
vent system creates natural pCO2 and pH gradients along the shoreline
with the lowest pH occurring during low tide (≤7.5) (Hernández et al.,
2017). P. sauciatus is a mid-littoral species found on the rocky shores
of the north-eastern Atlantic Ocean (Donald et al., 2012; Uribe et
al., 2017). In the Canary Archipelago, this species is relatively abun-
dant along the cobble beaches and volcanic platforms, and it is also a
local fisheries resource (Alfonso et al., 2015). In order to investigate
the effects of pH fluctuation on the P. sauciatus population, comparative
studies of size-frequency distribution and density were conducted be-
tween vent, transition, and control populations. Furthermore, to assess
whether long-term exposure to high pCO2 alters the development and
functions of the shell, we evaluated several parameters: (1) shell mor-
phology; (2) shell integrity (percentages of corrosion and break); and (3)
fracture resistance across the natural pCO2 gradient. Finally, we inves-
tigated whether reduced pH conditions had an influence on desiccation
tolerance of individuals.

2. Methods

2.1. Study areas and carbonate system parameters

Three sampling areas were selected in order to define the study
sites. Two sampling areas were situated on the coast of Fuencaliente
(La Palma Island, Canary Islands, 28º27′N-17º50′W) (Fig. 1), a point at
which a shallow-water CO2 vent is located (Hernández et al., 2017).
The volcanic activity in La Palma took place exclusively on the south-
ern part of the island, the point at which Cumbre Vieja basaltic com-
plex is located (Carracedo et al., 2001). Numerous eruptive centers
that extend from the North-South rift zone of Cumbre Vieja to the south-
ern coast of the island have been recently detected (Padrón et al.,
2015). We also selected one control location situated in Punta Hidalgo
(TI) (Fig. 1) in which no volcanic activity and CO2 seepage were ob-
served in order to avoid sampling populations affected by acidic wa-
ters at any time. All three study areas presented the same wave ex-
posure and type of habitat, consisting of a mix of bare basaltic rocky
beach and boulder fields (<1m in diameter) with a medium slope

(≈45° inclination) without any well-developed macroalgae communi-
ties.

Seawater chemistry data were collected in April 2017. The pCO2 con-
centration and pH were recorded for each study area. The pCO2 concen-
tration was recorded using an in situ C-sense pCO2 sensor (Turner De-
signs) with a measurement range of 4000ppm. The pH was recorded
using an in situ SBE 18 pH sensor (Seabird Electronics), previously cal-
ibrated using a three-point calibration program against precision Na-
tional Institute of Standards and Technology (NIST) buffer solution (pH
4, 7, and 10±0.02). The sensor systems were powered by a 12V bat-
tery and connected to a data logger. The sensors recorded pCO2 concen-
tration and pH every minute over a 24h period at < 5m depth. These
measurements were obtained for two days.

Additionally, three replicated water samples were taken at two depth
levels: (1) sea surface and (2) bottom (<5m) and stored in hermeti-
cally sealed borosilicate bottles. Total seawater alkalinity (TA) measure-
ments from each replicate bottle took place half an hour after sampling
to avoid sample contamination. TA was measured according to Dickson's
method (Dickson et al., 2007) using an open cell potentiometric titra-
tor (MetrohmDosimat665) and 0.01N HCl with a salinity of 35ppm for
the titration of the samples. Discrete salinity and temperature measure-
ments were taken using a hand-held conductivity meter (Hannah Instru-
ments HI98192). Triplicate salinity and temperature records were taken
during low and high tides.

pCO2 values that exceeded the detection limit of the C-sense pCO2
sensor (4000ppm) and the rest of carbonate chemistry parameters were
calculated from the resulting dataset (pH, TA, salinity and temperature
measurements) using CO2SYS software (Lewis and Wallace, 1998).
Calculations were based on GEOSEC constants with K1 and K2 from
Mehrbach et al. (1973), KHSO4 from Dickson (1990), and [B]T val-
ues from Uppström (1974).

2.2. Population parameters (size and population density) and collection

Sampling was performed along the mid-littoral zone of the rocky
shore according to the classic zonation schemes (Stephenson and
Stephenson, 1949). At each study area, sampling was conducted us-
ing four 10×2 m transecting lines running parallel to the shore. Shell
length (distance from the shell apex to the base) and maximum shell
width (major diameter of the body whorl) of individuals from each tran-
sect were measured using a digital calliper (precision: ± 0.01mm). A to-
tal of 949 P. sauciatus individuals (control: n=213; transition: n=408;
vent: n=328) were measured.

Population density (number of individuals * m−2) was calculated
from the resulting data set in each transect. The population structure
was defined by a size-frequency distribution diagram, obtained maxi-
mum shell width classification. Individuals were grouped into 10 size
classes with 2mm intervals each. Samples of P. sauciatus from the three
study areas (N=405; n=135 per study site) were collected and placed
inside portable refrigerators filled with seawater. All collected individu-
als were transported to the laboratory within 24h from the actual col-
lection time for further experimental treatment (shell condition, fracture
resistance, and desiccation tolerance).

2.3. Shell morphology and condition (corrosion and break)

All shell length and width data from each sampling site (N=949;
control: n=213; transition: n=408; vent: n=328) were used for cal-
culations of shell aspect ratio (shell length:shell width). Mean shell as-
pect ratios were used for comparisons of shell morphology between pop-
ulations of each study area.
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Fig. 1. Maps of the study areas at Punta del Hidalgo, Tenerife (Control) and Fuencaliente, La Palma (transition and vent site). The dots represent the pH range of each study area.

Shell condition was evaluated by calculating the percentages of cor-
rosion and break in the shell of 99 individuals (n=33 per study site)
randomly selected from the available samples previously collected at
the study areas. Shell with <15mm of width (major diameter of the

body whorl) were removed from consideration and replaced by another
individual. Shell corrosion was defined as the area of the shell surface
with visible signs of dissolution, while shell break was defined as the
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area with presence of holes or apex truncation. Natural fractures due
to mechanical stress were excluded. All individuals, previously fixed in
70% ethanol, were photographed with a digital camera with a high-res-
olution macro lens maintaining consistent capture conditions. Two pho-
tographs per individual were taken: (1) one in an apical view and (2)
another in a basal view. For measurements of shell condition, total shell,
corrosion, and break areas were measured in each photograph using Im-
ageJ 1.51n software (Schneider et al., 2012). A total of 198 images
were analysed. The percentages of corrosion and break in the shell were
calculated for each population.

2.4. Fracture resistance

Shell fracture resistance was tested in 180 individuals (n=60 per
study site) of shell width (major diameter of the body whorl) rang-
ing from 10 to 24 mm (small: <14 mm; medium: 14–18 mm; large: >
18 mm) to facilitate comparison between different sizes. Fracture resis-
tance was measured as the maximum force (kilogram force, kgF) that
the shell could tolerate before breaking. Mechanical tests were con-
ducted using a 7t digital compression testing machine (Model MUE-1E,
Salmer-Pacam) with a load cell fitted to the precise control over the
force application. All individuals were previously fixed in 70% ethanol,
and shell width was measured using a digital calliper (precision: ±
0.01 mm). Fracture resistance was examined individually at a constant
speed of 1.5 mm * min−1. The force was applied perpendicular to the
axis of coiling to ensure stability during compression, and representative
measurements of the force exerted by predators on the shell were ob-
tained (Cotton et al., 2004).

2.5. Desiccation tolerance

Desiccation tolerance was tested in a total of 225 individuals of sim-
ilar size (shell width ranging between 15 and 17mm) collected at each
sampling area (n=75 per study site). Individuals were exposed to three
temperature treatments of 20, 30, and 40 °C. We only selected individu-
als of similar shell width in order to facilitate comparison between pop-
ulations. Laboratory experiments began within 48h from the time of col-
lection of individuals. Groups of 75 individuals (n=25 per study site)
were placed on porcelain crucibles and exposed to each temperature
treatment during a five-day cycle. Heat stress conditions experienced
by intertidal organisms during emersion periods at low tide (Garrity,
1984) were simulated using a programmable convection oven (Heraeus
UT12, Heraeus Instruments). In order to imitate the semidiurnal tidal
regime that occurs in the Atlantic, heat stress trials ran for a period of
5h per day. Individuals used for all temperature treatments were main-
tained in three aquaria filled with filtered seawater (ambient temper-
ature 17 °C, salinity 36ppm) and constant aeration with an air pump.
Groups of each population were marked with a colored dot on the shell
using indelible and non-toxic paint. After each trial, individuals were re-
turned to the aquariums and the treatment was repeated 24h later us-
ing the same individuals. The temperature was held steady and the in-
dividuals who died during each trial were not replaced. The mortality
of individuals was calculated throughout the hours of treatment at each
temperature cycle applied.

2.6. Statistical analyses

Differences in size-frequency distributions between populations were
tested using a Pearson's chi-squared test (χ2) with R 3.3.1 software (R
Development Core Team, 2016).

The remaining data were analysed using permutation tests for uni-
variate analysis of variance (PERANOVA). The population density and

the percentage of corrosion and break in the shell between sites were
compared separately by one-way PERANOVA tests with site as the fixed
factor (three levels [control, transition; and vent]). Differences in shell
aspect ratio (shell length:shell width) between populations were tested
using a two-way PERANOVA test with site treated as the fixed factor
(three levels [control, transition, and vent) and transect as a random fac-
tor, nested in site (four levels consisting of transects 1–4).

In order to evaluate the effects of pH fluctuation on fracture resis-
tance, a two-way PERANOVA test was applied with site (three levels
[control, transition, and vent]) and size (three levels [1small, medium,
and large]) as fixed factors. Additionally, the linear regression used for
the variables examined force and shell width was carried out using Stat-
Plus Mac OS software (AnalystSoft Inc., 2013). Desiccation tolerance
of individuals was analysed using a three-way PERANOVA test with site
(three levels [control, transition, and vent]), temperature (three levels
[20, 30, and 40 °C]) and hours of emersion (five levels ranging from 5 to
25h in 5h increments) as fixed factors.

Statistical analyses were carried out using PRIMER 6 & PERMANOVA
v.1.0.1 software (Anderson et al., 2008). Significant differences were
examined using a posteriori pairwise comparisons by permutations (An-
derson, 2001). For all tests, 4999 permutations were undertaken on
Euclidean distance matrices and p<0.05 was considered significant.

3. Results

3.1. Seawater carbonate chemistry at study sites

According to the carbonate system results at each sampling site,
we defined three study areas characterized by variations in carbon-
ate chemistry parameters: (1) control site; (2) transition site; and (3)
vent site (Table 1). At the control site, these parameters (pH, pCO2,
TA, Ω calcite, and Ω aragonite saturation states) remained relatively
stable between tide periods but showed increasing fluctuations at the
transition and vent sites with, for example, lower pH levels (Table
1). During low tide, the pCO2 concentration increased significantly at
the transition and vent sites with a reduction in pH to 7.6 and 7.0
units, respectively. In contrast, the pH reached values>8.0 units dur-
ing high tide (Fig. 2, Table 1). Calcite and aragonite saturation states
also showed fluctuations between tide periods and presented signifi-
cant reductions by the CO2 vent during low tide at both transition
and vent sites. The lowest values were measured at the vent site (Ω
calcite=1.74±0.05 and Ω aragonite=1.20±0.03), reaching reduced
values of Ω calcite=0.56 and Ω aragonite=0.39 (Table 1). Changes in
TA were evident at the transition and vent sites. Greater fluctuations in
TA over tidal cycles were detected at the vent site. On average, TA was
higher during low tide (mean=3088.44 mmol/kgSW) than at the tran-
sition site (mean=2804.45 mmol/kgSW) (Table 1). No differences in
salinity were detected. Seawater temperature remained relatively con-
stant among sites, with mean temperature ranged between 20.8 °C and
23.6 °C (Table 1).

3.2. Population parameters (size and population density)

Population density did not differ significantly between control and
transition and vent sites (Pseudo-F=1.233, p=0.34). Mean±SE den-
sities are presented in Fig. 3. Size-frequency distributions did not dif-
fer significantly among sites (chi-squared test, χ2 =55.134, df=16,
p<0.001). Populations were structured around one size class and
showed a unimodal distribution with individual sizes ranging from 6 to
23mmat all three study sites (Fig. 4). At the control site, 17mm was
most frequent size, while at transition and vent sites, it was 15mm (Fig.
4).
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Table 1
Carbon System parameters (mean±SE) during low and high tide collected at each study site. S=discrete salinity, T=temperature ºC, TA =total alkalinity (mmol/kgSW), Ωcalcite =calcite saturation, Ωaragonite = aragonite saturation. * = Seawater carbonate
chemistry calculated using the data collected with the probe; a, b = mean pH and temperature calculated from 10 data collected with the sensors; c = Average total alkalinity calculated from day 1 and 2.

Site Day S T Low Tide S T High Tide

pH TA Ωcalcite Ωaragonite pH TA Ωcalcite Ωaragonite

Control 1 36.0 21.5 8.14 2598.25 4.48 3.09 36.0 20.9 8.11 2583.30 4.21 2.90
2 36.1 21.6 8.04±0.01 2607.26±12 3.72±0.07 2.57±0.05 36.1 21.1 8.16±0.01 2508.10±6 4.49±0.10 3.10±0.08
* 36.0 23.67a 8.1b 2602.76c 5.46 3.77 36.0 23.53a 8.18b 2545.7c 5.04 3.48

Transition 1 36.0 21.4 7.95±0.09 2798.68±69 3.34±0.51 2.31±0.36 36.0 21.1 8.08±0.01 2626.33±7 4.04±0.09 2.79±0.06
2 36.1 21.7 7.81±0.01 2810.21±11 2.53±0.05 1.74±0.03 36.1 20.8 8.15±0.01 2524.96±8 4.44±0.08 3.06±0.06
* 36.1 22.6a 7.7b 2804.45c 2.10 1.45 36.1 22.54a 8.1b 2575.65c 4.3 2.97

Vent 1 36.0 21.4 7.56±0.02 3287.03±41 1.74±0.05 1.20±0.03 36.0 21.0 7.95±0.07 2754.53±11 3.29±0.44 2.27±0.45
2 36.1 21.6 7.74±0.02 2889.84±7 2.25±0.10 1.55±0.08 36.1 20.8 8.14±0.01 2526.11±10 4.36±0.09 3.01±0.06
* 36.1 22.99a 7.05b 3088.44c 0.56 0.39 36.1 22.39a 8.18b 2640.32c 5.10 3.52
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Fig. 2. Seawater pHNBS and pCO2 (μatm) fluctuation in the study sites: (1) control; (2) transition; and (3) vent. Twenty-four hour study using underwater sensors with continuous data
collection. Tidal heights on the top of the graph use mean sea level as reference and were taken from the tide tables for Santa Cruz de La Palma. Red shade area delineate the hours of
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the day with pHs <7.5; and orange shaded areas delineate the hours of the day with pH values between 8.0 and 7.5. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 3. Density (number of individuals/m2) of Phorcus sauciatus (mean±SE) recorded at
each study: (1) control; (2) transition; and (3) vent.

Fig. 4. Size-frequency distributions of P. sauciatus at each study site: (1) control; (2)
transition; and (3) vent and descriptive statistical analyses (n=number of individuals,
Ϭ=mean±SE).

3.3. Shell morphology and condition (corrosion and break)

Shell aspect ratio differed significantly between study sites
(Pseudo-F=5.669, p=0.014). An a posteriori pairwise test showed that
the shell aspect ratio only differed significantly between the control and
vent sites (Pairwise test, t=3.636, p=0.0044) (Table 2). Individuals

Table 2
Results of the two-way permutational ANOVA analyzing shell aspect ratio (shell length:
shell width) with site (fixed factor; three levels: control, transition, vent) and transect (ran-
dom factor nested in site; four levels: transect 1, transect 2, transect 3, transect 4). Results
of a posteriori pairwise analysis for the levels of the factor site (p<0.05).

Shell aspect ratio

Source of variation df MS Pseudo-F p (perm)

Site 2 6.9919E-2 5.6691 0.014
Transect (Site) 9 1.3855E-2 3.6892 0.0006
Residual 937 3.7554E-3
Total 948
Pairwise analyses
Site t p (perm)
Control vs Vent 3.6368 0.0044
Control vs Transition 1.4702 0.1778
Transition vs Vent 2.0818 0.0534

from the control site exhibited a lower shell aspect ratio
(mean=0.53±0.06) compared to individuals from the vent site
(mean=0.56±0.06) (Fig. 5). On average, shells from the vent site
were relatively taller (mean shell length=8.64±2.01) and wider
(mean shell width=15.31±2.89) than those at the control site (mean
shell length=7.72±2.29; mean shell width=14.32±3.41).

The percentages of shell corrosion and break differed significantly
in both cases (% corrosion: Pseudo-F=194.2, p=0.0002; % break:
Pseudo-F=8.314, p=0.001), among the three sites (Table 3). A pos-
teriori pairwise tests showed that these percentages at the control site
differed significantly from those at the transition (Pairwise test, % cor-
rosion: t=20.147, p=0.0002; % break: t=4.206, p=0.0002) and
vent sites (Pairwise test, % corrosion: t=18.273, p=0.0002; % break:
t=3.813, p=0.0002). In contrast, shell corrosion and break did not dif-
fer significantly between the transition and vent sites (Pairwise test, %
corrosion: p=0.582; % break: p=0.281).

On average, shells from the transition and vent site exhibited higher
and similar percentages of shell corrosion (transition=37.63±9.26;
vent=39.01±10.81) and break (transition=1.89±2.56;
vent=2.86±4.29) than those at the control site (% corro-
sion=2.67±3.7; % break=0.02±0.03) (Fig. 6).

3.4. Fracture resistance

Fracture resistance differed significantly between study sites and
shell sizes (small (S): <14mm; medium; (M): 14–18mm; large (L):
>18mm) (Pseudo-F=4.022, p=0.0028). An a posteriori pairwise test
for the interaction between these two factors showed that fracture re

Fig. 5. Aspect ratio (mean±SE) between shell length (mm) and width (mm) of P. saucia-
tus recorded at each study site (control, transition, and vent).
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Table 3
Results of the one-way permutational ANOVA analyzing (A) the percentage of corrosion
and (B) the percentage of break between sites (fixed factor; three levels: control, transi-
tion, vent). Results of a posteriori pairwise analyses analysis for the levels of the factor site
(p<0.05).

A. Percentage of corrosion

Source of variation df MS Pseudo-F p (perm)

Site 2 13999 194.2 0.0002
Res 96 72.083
Total 98
Pairwise analyses
Site t p (perm)
Control vs Vent 18.273 0.0002
Control vs Transition 20.147 0.0002
Transition vs Vent 0.55758 0.582
B. Percentage of break
Source of variation df MS Pseudo-F p (perm)
Site 2 69.173 8.3148 0.001
Res 96 8.3192
Total 98 936.99
Pairwise analyses
Site t p (perm)
Control vs Vent 3.8139 0.0002
Control vs Transition 4.2065 0.0002
Transition vs Vent 1.1211 0.281

Fig. 6. Percentages of shell corrosion and break (mean±SE) at each study site: (1) con-
trol; (2) transition; and (3) vent. Digital photographs of representative individuals col-
lected at the study sites (Scale bars=1cm).

sistance differed significantly between all shell sizes at the control site
(Pairwise test, S-M: t=4.132, p=0.0006; S-L: t=6.909, p=0.0002;
M-L: t=3.153; p=0.0036). At the transition site, the fracture resistance
of small and medium-sized shells differed significantly when compared
to the large-sized shells (Pairwise test, S-L: t=4.65; p=0.0002; M-L:
t=4.067; p=0.0002), but did not between each other (Pairwise test,
S-M: p=0.3154). In contrast, the fracture resistance did not differ sig-
nificantly between any of the shell sizes at the vent site (Pairwise test,
S-M: p=0.7206; S-L: p=0.093; M-L: p=0.0682) (Table 4).

Linear regression curves showed a significant relationship between
the force and shell width variables at the control and transition sites;
however, no correlation between these variables was obtained for the
vent site (Fig. 7). Specifically, the mean force needed to fracture the
shells from the control site increased with shell width (Mean KgF:
S=13.05±2.93; M=17.8±4.23; L=22.70±5.52). In contrast,
small and medium-sized shells from the transition site fractured with
similar force ranges (Mean KgF: S=17.10±4.39; M=18.60±4.74)
and on average, were less resistant than large-sized shells (Mean KgF:
L=30±11.60). Similarly, shells from the vent site fractured in sim-
ilar force ranges regardless of size (Mean KgF: S=19.70±5.08;
M=18.90±7.03; L=23.03±6.74) (Fig. 7).

3.5. Desiccation tolerance

Desiccation tolerance did not differ significantly between study sites
(Pseudo-F=1.297, p=0.0002), but differed significantly between tem-
perature and hours of emersion (Pseudo-F=25.619, p=0.1872) (Table
5). An a posteriori pairwise test for the interaction between these two
factors showed that desiccation tolerance differed significantly between
the hours of emersion at 30 and 40 °C but did not differ among any of
the emersion hours at 20 °C. Particularly, significant differences were ob-
served between 10h and 5, 15, 20, 25h emersion, and between 15 and
20h emersion at 30 °C. At 40 °C significant differences were observed be-
tween almost all of the emersion hours but not between 15 and 20h or
20 and 25h of emersion (Table 5).

No mortality was observed during any of the emersion hours at
20 °C (n=0) (Fig. 8). In contrast, mortality occurred within the first

Table 4
Results of the two-ways permutational ANOVA analyzing shell crushing resistance with
site (three levels: control, transition, vent) and size (three levels: small: <14mm; medium:
14–18mm, large: >18mm) as fixed factors. Results of a posteriori pairwise analysis for the
interaction of factors site and size (p<0.05).

Fracture resistance

Source of
variation df MS Pseudo-F p (perm)

Site 2 254.93 6.4829 0.0022
Size 2 1240.4 31.545 0.0002
Site x Size 4 158.16 4.022 0.0028
Res 171 39.323
Total 179
Pairwise analyses
Size Control Transition Vent

t p t p t p
Small vs
Medium

4.1321 0.0006 1.0386 0.3154 0.4124 0.7206

Small vs Large 6.9098 0.0002 4.6506 0.0002 1.7618 0.093
Medium vs
Large

3.1536 0.0036 4.0676 0.0002 1.8937 0.0682
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Fig. 7. A. Relationship between forces applied (kgF) and shell width (mm) for P. sauciatus
individuals from each study site: (1) control; (2) transition; and (3) vent. B. Force applied
(kgF) (mean±SE) to achieve the fracture in shells (small: < 14mm; medium: 14–18mm,
and large: > 18mm) of individuals from each study site (control, transition, and vent).

5h of exposure at 30 °C (control: n=0; transition: n=2; vent: n=2)
and increased until 15h of treatment (control: n=3; transition: n=12;
vent: n=10). Except for one individual, no mortality was observed

Table 5
Results of the three-way permutational ANOVA analyzing desiccation tolerance with site
(three levels: control, transition, vent), temperature (three levels: 20 °C, 30 °C, 40 °C) and
hours of emersion (five levels: 5h, 10h, 15h, 20h, 25h) as fixed factors. Results of a pos-
teriori pairwise analysis for the interaction of factors temperature and hours of emersion
(p<0.05).

Desiccation tolerance

Source of variation df MS
Pseudo-
F

p
(perm)

Site 2 0.17497 2.7137 0.0652
T ºC 2 10.828 167.94 0.0002
Hours of emersion 4 1.4159 21.96 0.0002
Site x T ºC 4 0.12468 1.9337 0.1107
Site x Hours of emersion 8 0.12504 1.9393 0.054
T ºC x Hours of emersion 8 1.6518 25.619 0.0002
Site x T ºC x Hours of emersion 16 8.3663E-2 1.2976 0.1872
Res 871 6.4476E-2
Total 915
Pairwise analyses
Hours of emersion 20 °C 30 °C 40 °C

t p t p t p
5 vs 10 0 3.2904 0.0015 2.9528 0.004
5 vs 15 0 0.87901 0.3734 7.2205 0.0002
5 vs 20 0 1.6367 0.1152 8.1388 0.0002
5 vs 25 0 0.85269 0.4369 10.738 0.0002
10 vs 15 0 2.2012 0.0272 3.7453 0.0005
10 vs 20 0 3.9178 0.0002 4.0267 0.0005
10 vs 25 0 3.4117 0.001 4.9336 0.0002
15 vs 20 0 2.267 0.0192 0.83188 0.4189
15 vs 25 0 1.5626 0.1282 2.2823 0.0252
20 vs 25 0 1.0881 0.3469 1.7265 0.093

Fig. 8. Number of deaths of P. sauciatus individuals recorded during emersion hours (5–25
in 5h increments) at each temperature treatment (20 °C, 30 °C, 40 °C). (n=25 individuals
per site for each T ºC treatment).

within the following emersion hours (25h, control: n=3; transition:
n=12; vent: n=11). Mortality gradually increased over the exposure
hours at 40 °C. After 25h of emersion, high mortality was observed
(25h, control: n=25; transition: n=24; vent: n=25) (Fig. 8). At the
end of each temperature treatment, greater mortality was observed in
individuals exposed to 40 °C (98.7%) than in those exposed to 30 °C
(34.7%).
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4. Discussion

Volcanic CO2 vents provide a unique possibility for the scientific
community to explore individual and population responses to low pH
environments (González-Delgado and Hernández, 2018). Tempo-
ral and rapid fluctuations in pH, carbonate saturation states, and al-
kalinity levels can occur at CO2 vent sites due to coastal dynamics,
changes in venting rate, or variations in biological processes (Kerri-
son et al., 2011). These changes in carbonate chemistry may be often
more pronounced than those expected due to climate change during the
twenty-first century (Rastrick et al., 2018).

Continuous data collection using autonomous sensors demonstrated
that the volcanic CO2 vent off La Palma Island creates natural pCO2 and
pH gradients along the shoreline (Hernández et al., 2017). No vari-
ability in the carbonate chemistry parameters was detected at the con-
trol site. In contrast, fluctuations in pH over tidal cycles were detected at
the vent area, resulting in populations experiencing daily changes from
~8.15 to 7.00. Calcite and aragonite saturation states were also signifi-
cantly reduced at the CO2 vent. The lowest Ω calcite and Ω argonite val-
ues were found at the vent site during low tide. Moreover, the increased
pCO2 concentration was accompanied by large-scale changes in TA be-
tween sites. A noticeable increase in TA during low tide was detected at
the vent site. TA is a relatively conservative parameter, and such a strong
variability has not been predicted to occur under OA conditions. While
no filtration of groundwater was confirmed in the area by salinity mea-
surements, it is possible that extensive dissolution of carbonate skele-
tons or the contribution of borates and mainly silicates could drive an
increase in TA. We are aware that the highly variable carbonate chem-
istry in the transition and vent sites is not representative of the future
OA conditions; however, these sites do provide an excellent opportunity
for studying the effects of variable pH on calcified marine invertebrates.

Previous studies at CO2 vents in the Mediterranean have detected
significant reductions in gastropod densities under acidified conditions
(Hall-Spencer et al., 2008; Kroeker et al., 2011). In contrast, we
found no effects of high pCO2 on the population parameters. Our re-
sults showed no significant differences on population density or size-fre-
quency distributions between control, transition, and vent sites. This
finding suggests that P. sauciatus is able to maintain the population per-
formance in a highly variable pH environment. Similarly, Fabricius et
al. (2014) also observed no significant changes in total densities of mol-
luscs at a shallow CO2 vent in Papua New Guinea. Particularly, Con-
nell et al. (2017) demonstrated that indirect effects of high pCO2 did
drive a greater abundance of an herbivore gastropod at a CO2 vent in
the southwest Pacific. However, the influence of these indirect effects
on P. sauciatus population performance can only be speculative since
were not explored in the present study. It is important to note that nat-
ural vents are open systems in which larvae from nearby populations
can successfully settle and influence population density (Kroeker et al.,
2011). P. sauciatus has external fertilization and recruits via planktonic
larval dispersal (trochophore and veliger larvae) (Sousa et al., 2017),
which might promote population connectivity. This connectivity could
explain why no significant changes in population parameters were ob-
served across the natural pH gradient.

We detected significant differences in shell shape (shell length:shell
width) between individuals from the control and vent sites. Shells from
the vent site exhibited a higher aspect ratio than those from the con-
trol site. The majority of studies on gastropods have reported that shell
morphology and size were negatively impacted by elevated pCO2 (Lit-
torina littorea: Melatunan et al., 2013; Anachis misera: Chen et al.,
2015; Nassarius corniculus and Cyclope neritea: Garilli et al., 2015;
Hexaplex trunculus: Harvey et al., 2016; Nucella lapillus: Rühl et al.,
2017; Charonia lampas: Harvey et al., 2018). However, these changes

in shell features in response to changes in seawater chemistry are
species-specific (Langer et al., 2014; Harvey et al., 2016). For ex-
ample, Duquette et al. (2017) found that the shell length of top-shells
snails (Osilinus turbinatus) decreased with reduced pH at a CO2 vent area.
In contrast, our results provide evidence of change in shell shape of P.
sauciatus at the vent site, but shell length did not decrease with a reduc-
tion in pH. Indeed, on average, individuals from the vent site were taller
than those from the control site. Preston and Roberts (2007) sug-
gested that differences in shell morphology in intertidal gastropods are
the result of rapid shell growth in response to environmental stressors,
which results in larger and more elongated but not thicker shells. More-
over, elongated shell shapes might increase the risk of dislodgement by
wave force (Trussell, 1997) or lead to changes in the species interac-
tions (Xu et al., 2017). Future investigations are required to improve
our understanding of the implications of these changes in shell shape at
the community level.

Significant differences in the percentages of shell corrosion and
break of individuals were observed between the control site with respect
to the transition and vent sites. In contrast, shell conditions of individ-
uals did not differ significantly between vent and transition sites. We
found that shells from high pCO2 sites exhibited greater percentages of
dissolution and presence of holes or apex truncation than those at the
control site. Evidence of shell deterioration in response to changes in
seawater chemistry has been reported for other gastropods at CO2 vents
(Hall-Spencer et al., 2008; Milazzo et al., 2014; Chen et al., 2015;
Garilli et al., 2015; Duquette et al., 2017; Harvey et al., 2018).
Marine molluscs appear to have no control over shell dissolution (Nien-
huis et al., 2010), a process that depends on the solubility, composi-
tion, and microstructure of the calcium carbonate biominerals (Hahn et
al., 2012). The shell microstructure of the genus Phorcus, which is con-
stituted by an organic periostracum coating, an outer prismatic and foli-
ated calcitic layer, and an inner aragonitic layer, is dependent on the en-
vironmental parameters (García-Escárzaga et al., 2015). Our results
provide evidence that pH fluctuations can significantly affect the shell
integrity of P. sauciatus. Moreover, we interpret that the dissolution ob-
served at the external surface of shells may be due to loss of the protec-
tive organic layer (Rodolfo-Metalpa et al., 2011) caused by carbonate
chemistry changes over tidal cycles at the CO2 vent area.

Some mollusc species are capable of counteracting shell dissolution
by enhancing calcium carbonate production (Nienhuis et al., 2010;
Findlay et al., 2011; Garilli et al., 2015). For example, Langer et
al. (2014) observed that the addition of aragonitic layers increased in
patellogastropod shells, while calcitic layers were confined to elongation
growth but did not counteract shell dissolution. However, several stud-
ies reported that new shell material precipitated under lower pH con-
ditions resulted in altered shell microstructure with irregular and dis-
ordered calcite and aragonite crystals, which could lead to loss of shell
mechanical strength (Hahn et al., 2012; Wolfe et al., 2012; Du-
quette et al., 2017). In the present study, we found that fracture re-
sistance differed significantly between study sites and shell sizes. The
mean force needed to fracture shells from the control site differed sig-
nificantly between all shell sizes and increased with shell width. In con-
trast, no significant differences in the fracture resistance was observed
between small and medium-sized shells from the transition site. These
sizes fractured in a similar force range and were, on average, less re-
sistant than large-sized shells. No significant differences in the fracture
resistance were observed between any of the sizes of shells from the
vent site. We interpret that these changes in shell mechanical strength
of P. sauciatus could be directly related to the dissolution of external
surfaces observed but could also be indicative of inner shell dissolution
(Melzner et al., 2011), allowing organisms to maintain their home-
ostasis under reduced pH values (Michaelidis et al., 2005). While
shell thickness and shell mineralogy were not investigated in this study,
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it is also possible that reductions in shell density and alterations in shell
microstructure are responsible for weakened shells, as previously re-
ported for other gastropod and bivalve species (Gaylord et al., 2011;
Coleman et al., 2014; Langer et al., 2014; Harvey et al., 2018).
Changes in shell shape can also impair the mechanical functions of
the shell as primary defence against predation (Preston and Roberts,
2007; Harvey et al., 2018). The findings presented here are particu-
larly relevant for P. sauciatus ecology. Reductions in shell strength could
decrease the amount of energy required for crushing predators to break-
ing large-sized shells (Kroeker et al., 2014). Therefore, future research
on this species should explore the influence of these changes in shell fea-
tures on predator-prey interactions.

We found no significant differences in the desiccation tolerance be-
tween individuals from each study site, but significant differences be-
tween temperature and hours of emersion were detected. Previous stud-
ies have evidenced the influence of elevated pCO2 and warming on
the metabolism of intertidal organisms such as barnacles, limpets and
top-shell snails (Findlay et al., 2010; Legrand et al., 2018). Zhang
et al. (2014) found that the interactive effects of pCO2 and tempera-
ture increased larval mortality of an intertidal snail (Nassarius festivus).
Furthermore, it has been suggested that elongated shell shapes can re-
sult in individuals more prone to water loss during emersion periods
(Melatunan et al., 2013). Thus, in our study, higher mortality of in-
dividuals from high pCO2 sites were expected to occur. Contrary to our
expectations, our results showed no effect of reduced pH on desicca-
tion tolerance of P. sauciatus. Mortality of individuals was mostly influ-
enced by the cumulative hours of exposure at increased temperatures.
Individuals exhibited greater tolerance at 20 °C and no mortality was ob-
served at this temperature. At 30 °C, individuals exhibited lower toler-
ance and mortality increases until 15h of exposure. Individuals suffered
higher mortality at 40 °C, which gradually increased over the emersion
hours. Most of the individual died after 25h of exposure at this tem-
perature. Our results agree with other studies, which have reported a
decline in intertidal gastropod survival due to heat stress at tempera-
tures >30 °C (Menzies et al., 1992; Miller et al., 2009; Gleason and
Burton, 2013). Intertidal gastropods are exposed to larger daily and
seasonal fluctuations in environmental conditions (such as temperature,
oxygen, pH, salinity) (Sousa et al., 2017). The thermal physiology of
these organisms plays a key role modulating their capability of coping
with thermal stress coupled with aerial exposure and defining their in-
tertidal position on rocky shores (Stickle et al., 2017; Drake et al.,
2017). P. sauciatus survival in this experiment was more affected by ele-
vated temperatures than elevated pCO2. This result should be considered
in terms of global warming. Intertidal rocky shore species live close to
their physiological thermal limits; consequently, global temperature ele-
vations and extreme heat waves could have a significant impact on their
metabolism and survival (Tomanek, 2010; Burrows, 2017).

5. Conclusions

The present study investigated the effects of long-term exposure to
reduced pH on the shells and survival of an intertidal gastropod in a
volcanic CO2 vent. Comparative studies of the population parameters,
shell features, and desiccation tolerances were conducted between P.
sauciatus populations across a natural pH gradient. By comparing pop-
ulation density and size-frequency, we found that P. sauciatus was ca-
pable of maintaining the population performance in a highly variable
pH environment. In addition, we found similar desiccation tolerance
among contrasting environment populations. We found no effects of
high pCO2 on resistance to desiccation, but P. sauciatus survival was
negatively impacted by temperatures >30 °C during the experimental
emersion periods. Future research is essential in order to better under-
stand the responses of intertidal organisms to projected changes in tem

perature (Drake et al., 2017). Comparative studies of shell shapes and
conditions showed that a reduction in pH values caused changes in shell
shapes and shell dissolution. Moreover, reductions in shell fracture re-
sistance were detected. Our results add to the growing body of evidence
in which reduced pH and altered seawater chemistry have been shown
to have a negative impact on shell morphology and integrity of ma-
rine gastropods. Loss of shell properties could have the potential to alter
the species interaction and structure of intertidal communities (Kroeker
et al., 2014). Therefore, we suggest that future investigations on this
species should focus on the implications of these changes in shell fea-
tures on ecological process and include long-term monitoring of popula-
tion dynamics.
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