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The pteropod Limacina helicina has become an important bioindicator species for the negative impacts of ocean acidification (OA) on marine
ecosystems. However, pteropods diversified during earlier high CO2 periods in Earth history and currently inhabit regions that are naturally corro-
sive to their shells, suggesting that they possess mechanisms to survive unfavourable conditions. Recent work, which is still under considerable
debate, has proposed that the periostracum, a thin organic coating on the outer shell, protects pteropods from shell dissolution. Here, we provide
direct evidence that shows that damage to the L. helicina periostracum results in dissolution of the underlying shell when exposed to corrosive
water for ∼8 d, while an intact periostracum protects the shell from dissolution under the same conditions. This important first line of defence
suggests that pteropods are more resistant to OA-induced shell dissolution than is generally accepted.
Keywords: aragonite, bioindicator, Limacina helicina, ocean acidification, periostracum, pteropod, shell dissolution.

Introduction

The ocean takes up an estimated 26% of all anthropogenic
carbon dioxide (CO2) emissions (Friedlingstein et al., 2022),
which slows the warming effects of climate change but also al-
ters seawater carbonate chemistry through a process known as
anthropogenic ocean acidification (OA) (Caldeira and Wick-
ett, 2003; IPCC, 2011). This process has already decreased
average open ocean surface pH by ∼0.1 and carbonate ion
concentration ([CO3

2−]) by >10% since preindustrial times
(Caldeira and Wickett, 2003; Orr et al., 2005; Franco et al.,
2021). Decreasing [CO3

2−] results in decreases in the calcium
carbonate (CaCO3) mineral saturation state (�). When � >

1, abiogenic precipitation is thermodynamically favoured, and
when � < 1, abiogenic dissolution is favoured. As a result,
OA has implications for species that build CaCO3 shells or
skeletons (e.g. bivalves, corals, and calcifying plankton such
as pteropods) and is expected to have negative consequences
for marine ecosystems in general (Fabry et al., 2008; Kroeker
et al., 2013; Haigh et al., 2015; Marshall et al., 2017; Doney et
al., 2020). Ocean acidification constitutes an additional stres-
sor to other challenges marine organisms face in a changing
ocean (e.g. warming), and its effect will only increase as hu-
man activity continues to increase atmospheric CO2 (Caldeira
and Wickett, 2003; Sabine et al., 2004; Orr et al., 2005; Feely
et al., 2009).

The thecosome pteropod Limacina helicina is the focus
of a large body of literature on the negative effects of OA
(Bednaršek et al., 2016b; Manno et al., 2017). The thin
(<10 μm) shells of pteropods are composed of the metastable

CaCO3 polymorph aragonite (Lalli and Gilmer, 1989), which
is >50% more soluble than the polymorph calcite in seawa-
ter (Mucci, 1983). As OA increases, seawater will become in-
creasingly undersaturated with respect to aragonite (�Ar < 1)
before calcite (Orr et al., 2005), making it “corrosive” to that
mineral. As such, pteropods are particularly sensitive to OA,
and their decline could have broad impacts (Orr et al., 2005;
Fabry et al., 2008; Manno et al., 2017). Pteropods consti-
tute important prey for juvenile pink salmon (Armstrong et
al., 2008), contribute to the diets of other species of fish, ma-
rine mammals, and seabirds (Lalli and Gilmer, 1989; Hunt et
al., 2008), and are the only prey of some non-shelled gymno-
some pteropods (sea angels) (Lalli and Gilmer, 1989). Recent
work has also shown that thecosome pteropods may domi-
nate pelagic calcification on a global scale (Buitenhuis et al.,
2019).

Studies investigating the response of pteropods to lower �Ar

have generally found increases in shell dissolution, reductions
in calcification, growth, and survival, and the precipitation of
thinner, less-dense shells (Bednaršek et al., 2016b; Manno et
al., 2017; Mekkes et al., 2021a, b). As a result, pteropods have
become model organisms for OA research and are deemed im-
portant bioindicators of the negative impacts of OA on marine
ecosystems (Bednaršek et al., 2016b, 2017). Some studies have
even suggested that pteropods may be at risk of local extinc-
tions within the century due to OA (Comeau et al., 2012a;
Bednaršek et al., 2016b).

Yet, all modern pteropod clades diversified during previ-
ous high CO2 periods in Earth history that caused the oceans

Received: 24 January 2023; Revised: 22 March 2023; Accepted: 23 March 2023
C© The Author(s) 2023. Published by Oxford University Press on behalf of International Council for the Exploration of the Sea. This is an Open Access
article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

ICES Journal of Marine Science, 2023, 80, 1329–1341
DOI: 10.1093/icesjms/fsad059
Advance access publication date: 12 May 2023
Original Article

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/5/1329/7160602 by U
niversity of Victoria, M

cPherson Library Serials user on 11 February 2025

https://orcid.org/0000-0002-2265-780X
https://orcid.org/0000-0001-8380-2049
https://orcid.org/0000-0002-7434-4995
https://orcid.org/0000-0001-8317-5196
https://orcid.org/0000-0002-4874-3650
mailto:MattMiller@uvic.ca
https://creativecommons.org/licenses/by/4.0/
A5736
Sticky Note
Marked set by A5736

A5736
Sticky Note
Marked set by A5736



M. R. Miller et al.

Figure 1. (a) Locations of seawater sampling and Limacina helicina collections. Seawater for pteropod incubations was collected on the outer coast of
Vancouver Island at 50 and 300 m. Pteropods were collected by vertical net tows in the Salish Sea. The 200-m depth contour (black line) indicates the
deep basins in the Salish Sea and roughly represents the shelf break on the outer coast. Deeper bathymetry is indicated by darker blue contours. The
map was generated in the programme R v4.0.2 (R Core Team, 2020) using the CRAN packages “rnaturalearth” v0.1.0 (South, 2022), “sf” v0.9.7
(Pebesma, 2018), “marmap” v1.0.5 (Pante and Simon-Bouhet, 2013), “ggplot2” v3.3.2 (Wickham, 2016), and bathymetry data from the NOAA ETOPO1
database (https://www.ngdc.noaa.gov/mgg/global/). (b–e) Typical present-day seasonal in situ ranges of aragonite saturation state, pH, dissolved oxygen,
and temperature experienced by L. helicina throughout their vertical habitat (upper 200 m) in the northern Salish Sea, determined using water chemistry
data collected in 2010–2012 (Ianson et al., 2018), 2014 (Chandler et al., 2021a), and 2015 (Chandler et al., 2021b) (see Ianson et al. (2016) for dataset
interpretation) during summer and winter (Supplementary Methods). Coloured vertical bands represent the range of conditions in the undersaturated
and supersaturated incubation bottles over the course of the experiment (�Ar, pH, and O2 decreased, while temperature was constant).

to become more acidic (e.g. ∼56 ma during the Paleocene–
Eocene Thermal Maximum) (Hönisch et al., 2012; Janssen et
al., 2016; Peijnenburg et al., 2019). Moreover, some species
currently inhabit regions that are naturally corrosive to their
aragonite shells, such as the northern Salish Sea (Mackas et
al., 2013; Keil et al., 2021), where they are exposed to under-
saturated conditions across 90–100% of their vertical habitat
(upper 200 m) (Lalli and Gilmer, 1989) throughout the year
(Ianson et al., 2016; Evans et al., 2019; Jarníková et al., 2022),
and where there are minimal seasonal and annual differences
in �Ar and pH below ∼20 m (Figure 1).

Pteropod shell dissolution rates have also been observed to
be lower than those predicted for abiogenic aragonite (Bed-
naršek et al., 2014), and many calcifying organisms (includ-
ing pteropods) are able to precipitate shells in undersatu-
rated waters (�Ar < 1), albeit at reduced rates (Lischka et
al., 2011; Comeau et al., 2012b; Waldbusser et al., 2015;
Frieder et al., 2017; Mekkes et al., 2021a). Taken together,
this evidence suggests that pteropods may possess mecha-
nisms to counter thermodynamically unfavourable carbonate
chemistry.

Recent evidence that the periostracum, the thin organic pro-
teinaceous coating found on the outer layer of the shell of all
shelled molluscs (Taylor and Kennedy, 1969; Harper, 1997;
Johnson et al., 2019), may protect the pteropod shell from
dissolution (Peck et al., 2016a), and that pteropods can re-

pair breaches in the shell caused by dissolution damage on the
outer layer by thickening the shell from the inside (Peck et al.,
2016a, 2018), provides insight into their potential resistance
to OA-induced dissolution. However, the general understand-
ing of the role of the pteropod periostracum remains limited,
and considerable debate followed these recent findings (Bed-
naršek et al., 2016a; Peck et al., 2016b). Prior to work by Peck
et al. (2016a), the L. helicina periostracum had generally been
assumed to offer little to no protection from corrosive water
(Bednaršek et al., 2012a, b, 2016b), and was not mentioned
in the most comprehensive review of the pteropod literature
to date (Manno et al., 2017). One factor that has likely con-
tributed to this oversight is the fact that the pteropod perios-
tracum is extremely thin (<1 μm) (Sato-Okoshi et al., 2010)
relative to the shell and is challenging to discern even in scan-
ning electron microscope (SEM) images. Given that pteropods
have emerged as important bioindicators for OA (Bednaršek
et al., 2012a, 2016b, 2017), there is a clear need to increase
our understanding of this important organic layer and its abil-
ity to protect pteropod shells.

The periostracum of many other mollusc species pro-
tects the shell from dissolution by acidic water (Taylor and
Kennedy, 1969; Saleuddin and Petit, 1983), for example, in
deep-sea mussels living in acidic conditions (pH 5.36–7.29)
near hydrothermal vents (Tunnicliffe et al., 2009) and in
unionoidean bivalves living in acidic freshwater (Tevesz and
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Carter, 1980). The primary function of the mollusc perios-
tracum is to seal off the site of calcification from the outside
environment and provide the scaffolding onto which the shell
is secreted (Taylor and Kennedy, 1969; Harper, 1997; Johnson
et al., 2019). This strategy allows the animal to drastically in-
crease the saturation state of the calcifying pallial fluid to lev-
els that are highly supersaturated (� >> 1) compared to am-
bient conditions, creating a microenvironment conducive to
precipitating CaCO3 (Taylor and Kennedy, 1969; Saleuddin
and Petit, 1983; Harper, 1997; Spalding et al., 2017; Johnson
et al., 2019). Thus, once formed and intact, it acts as a physi-
cal barrier separating the outside of the CaCO3 shell from the
ambient environment.

To empirically test the protective nature of the pteropod
periostracum, we intentionally damaged a small, specific area
of the periostracum (while leaving the remaining periostracal
surface undamaged) on 46 live L. helicina collected from the
northern Salish Sea (Figure 1a). We then incubated them for
8 d in glass bottles (three to four individuals per bottle, seven
replicate bottles per treatment) containing natural seawater
that was either undersaturated or supersaturated with respect
to aragonite (hereafter referred to as the undersaturated or su-
persaturated treatments). We compared post-incubation shell
condition between the two treatments using a combination of
light and scanning electron microscopy (SEM). SEM images
of the shells from the supersaturated treatment were used to
determine whether the process of damaging the periostracum
caused unintentional physical damage to the underlying arag-
onite shell.

Methods

Water sampling and analyses

Water for incubations and analyses was collected during a re-
search cruise aboard the CCGS John P. Tully (Sastri et al.,
2022) at the end of the coastal upwelling season (Septem-
ber) in 2019 in the northern California Current System,
adjacent to the Salish Sea (Figure 1a), at 300 and 50 m
depths on the continental shelf break, in addition to a full
conductivity–temperature–depth profile. We anticipated that
this water would have aragonite saturation states of ∼0.5
(300 m, undersaturated) and 1.5 (50 m, supersaturated),
based on previous data (Haigh et al., 2015). Seawater collec-
tion and analysis for DIC and AT followed standard meth-
ods (Dickson et al., 2007). Incubation and control seawater
were stored unpreserved in 500-ml borosilicate glass bottles
sealed with Apiezon® L grease. Initial in situ water condi-
tions (DIC, AT, phosphate, and silicic acid) and final (post-
incubation) DIC and AT were measured at the Institute of
Ocean Sciences in Sidney, BC, while initial and final DO con-
centrations were estimated from measured in situ DO ad-
justed for headspace gas exchange and pteropod respiration
(Supplementary Methods). DIC and AT were used to deter-
mine the carbonate system and associated uncertainties, along
with phosphate, silicic acid, temperature, salinity, and pres-
sure (Supplementary Methods). The cruise data are avail-
able as a published dataset (Sastri et al., 2022), and all wa-
ter chemistry data for the incubation samples are included
in this article’s Supplementary Materials as Supplementary
Dataset 1.

Pteropod collection

Although pteropods are found routinely in the region where
we collected the incubation water (West Coast Vancouver Is-
land) (Mackas and Galbraith, 2012) (Figure 1a), abundances
were unusually low during the research cruise. We encoun-
tered sufficient numbers in the northern region of the adja-
cent Salish Sea 6 d after incubation water collection and opted
to collect live L. helicina from seven locations there (Figure
1a). Pteropods were collected by vertically towing a bongo-
style plankton net with a 236 μm black nylon mesh from
maximum depths ranging from 395 to 150 m (depending on
station bottom depth) to the surface. Adult L. helicina were
gently picked from the samples using a wide-mouth plastic
pipette and observed under a stereo microscope. A few of the
collected individuals (∼4) appeared dead, had broken shells,
or had large patches of shell dissolution, and were discarded.
Individuals with small patches of dissolution confined to the
centre one or two whorls were accepted since this condition is
commonly observed on wild-caught specimens (and because
pteropod abundance was limited). Due to its location on the
shell, this type of dissolution is unlikely to interfere with the
area where the manual damage was induced (the outermost
one or two whorls) or influence dissolution on the rest of the
shell.

Manual scratching of shells

Live pteropods were carefully held in place under the micro-
scope using a fine-tipped paintbrush, while mechanical dam-
age to the periostracum was induced by gently scratching a
small, easily identifiable area on the outermost one or two
whorls, directly opposite to the shell aperture, using a thin
(00-gauge) black enamelled insect pin. Minimal pressure was
applied while scratching to avoid damaging the aragonite be-
neath the periostracum, and scratching was performed for five
seconds on each individual. All scratching was conducted by
the same investigator to ensure as much consistency as pos-
sible, and the entire process (from collection to placement in
the incubation bottles) was done within minutes to minimize
animal stress. All individuals were scratched, and the remain-
der of each shell was used as an unscratched internal control,
which ensured that both the control and scratched portions of
the shell experienced exactly the same conditions.

Incubations and shell preservation

Immediately after scratching, the 46 pteropods were randomly
divided amongst the 500-ml incubation bottles containing the
undersaturated and supersaturated water, with five bottles
containing three individuals and two bottles containing four
individuals in each treatment (a total of seven incubation bot-
tles containing pteropods in each treatment and 23 pteropods
in total per treatment). Incubation bottles were immediately
sealed and maintained in the dark in a chilled water bath at
9.0 ± 0.42◦C for ∼8 d, checked once each day to confirm
that the pteropods were alive and swimming, and filmed at
the end of the incubations (Supplementary Videos). Previous
pteropod studies have shown 8-d incubations to be sufficient
to observe shell dissolution (Manno et al., 2012; Bednaršek
et al., 2012a, b; Comeau et al., 2012b; Peck et al., 2016a). As
recommended by Peck et al. (2016b), only surviving and ac-
tively swimming individuals were used for further shell anal-
ysis since the internal dissolution of dead pteropods caused
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Table 1. The number of individual L. helicina specimens that were incubated in either aragonite undersaturated or supersaturated water, survived the
∼8 d incubation period, and were subsequently analysed for shell condition, as well as the occurrence rates of each type of dissolution observed on the
analysed shells.

Undersaturated
treatment

Supersaturated
treatment

Incubated: 23 23
Survived: 18/23 (∼78%) 20/23 (∼87%)
Analysed: 17/23 (∼74%) 20/23 (∼87%)

Dissolution type observed on
analysed shells:

Scratched region: 17/17 (100%) 0/20 (0%)
Axial ridges: 17/17 (100%) 0/20 (0%)
Radial peaks: 17/17 (100%) 0/20 (0%)
Centre whorls: 9/17 (∼53%) 12/20 (60%)

The shell of one of the 18 surviving individuals from the undersaturated treatment was accidentally crushed during imaging and was excluded from further
analysis.

by the breakdown of organic tissue creates a cloudy appear-
ance that may mask external dissolution in light microscope
images. Bottles were filmed at the end of the incubations, and
then individual pteropods were removed from the bottles and
filmed under a stereomicroscope to further document their
survival (Supplementary Videos). Videos for bottles #7 and
#8 were not recorded, but videos of each individual from these
bottles are provided in the Supplementary Videos. Bottle #24
was not filmed since none of the four pteropods survived. The
incubation water in the bottles was immediately preserved
with 100 μL of supersaturated HgCl2 for DIC and AT anal-
yses. To preserve the shells and minimize salt crystallization
on their surface, live individuals were quickly (<1 min) eu-
thanized in a buffered deionized water rinse (saturated with
CaCO3) to avoid shell dissolution, air-dried in front of a small
space heater for 24-h, and stored in individual slide wells until
further analysis (Peck et al., 2016b; Oakes et al., 2018). The
survival rate between treatments was tested using a general-
ized linear mixed-effects model with a binomial error distri-
bution and bottle number as a random effect (Supplementary
Methods).

Control water samples

Three control water samples were preserved and analysed for
each treatment; the first was preserved immediately after the
incubation water was collected to represent the initial con-
ditions (Table 2). There was then a 6-d gap between wa-
ter collection and encountering adult L. helicina, so a sec-
ond control sample from each treatment was preserved once
pteropods were added to the incubation bottles in order to de-
termine whether the initial carbonate chemistry had changed
during those 6 d. A third control sample not containing any
pteropods was also incubated for each treatment in the same
way as the pteropod incubations and was preserved when the
incubations were ended to determine whether background mi-
crobial respiration had influenced the carbonate system dur-
ing the incubations (Supplementary Figure S1).

Light microscope and SEM imaging

Dried shells were imaged and their diameters measured using
a Leica MZ6 stereo microscope with a Zeiss CL 4500 LED
light source, a Leica MD 170 HD camera, and Leica Appli-
cation Suite X C© version 3.0.11 software. Both the objective
lens and the light source were fitted with polarized filters to
minimize glare that would otherwise create overexposed areas
in images. Shell diameter was measured following Oakes and

Sessa (2020) using a line tool from the widest part of the shell
at the aperture, transecting the apex of the shell, to the oppo-
site edge. Additionally, all shells were imaged using a Hitachi
S-4800 field emission scanning electron microscope (SEM) at
an acceleration voltage of 1.0 kV and 8.00 mm working dis-
tance at the University of Victoria’s Advanced Microscopy Fa-
cility. No chemical treatment of shells was performed (as rec-
ommended by Peck et al. 2016a), and shells were SEM imaged
without coating to avoid any potential further alterations to
the extremely thin and delicate periostracum. Three images
were taken of each shell: one at 30× showing the entire shell,
one at 80× showing the scratched region, and one at 150× to
enhance the view of the scratches. Higher magnification im-
ages of the scratches were taken on some individuals and to
document interesting features such as patches of centre whorl
dissolution. Light and SEM images of all specimens can be
found in Supplementary Figures S3 and S4.

Results

Survival and behaviour

Pteropod incubations lasted 8.3 ± 0.7 d (mean ± SD). Survival
during the incubations was high and did not significantly dif-
fer between treatments (p = 0.88) (Supplementary Figure S5,
Supplementary Table S2), with 18 of 23 individuals (∼78%)
and 20 of 23 individuals (∼87%) surviving the undersatu-
rated and supersaturated treatments, respectively (Table 1).
Four of the five mortalities in the undersaturated treatment
were from the same incubation bottle. Only the surviving in-
dividuals were included in the subsequent analysis. The mean
diameter of all analysed shells was 3.0 ± 0.3 mm (n = 37).

Pteropod behaviour was typical of that observed in previ-
ous incubation experiments (Howes et al., 2014), consisting of
repeated periods of upward swimming and downward sink-
ing, followed by periods of remaining on the bottom. Except
for the few mortalities, all other individuals were observed
swimming each day throughout the incubation period (Sup-
plementary Videos). One surviving specimen from the under-
saturated treatment was accidentally crushed during light mi-
croscope imaging and was excluded from further analysis.

Scratched region of shell

Post-incubation, all 17 shells analysed from the undersatu-
rated treatment showed dissolution in the small area where
the periostracum had been manually scratched prior to incu-
bations, which appeared opaque in light microscope images
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Table 2. Comparison of the water chemistry between two natural seawater types (undersaturated and supersaturated with respect to aragonite) collected
for L. helicina incubation experiments.

Undersaturated Supersaturated

Initial (n = 1) Final (n = 6) � Initial (n = 1) Final (n = 7) �

DIC (μmol kg−1) 2264 ± 6 2292 ± 8 28 ± 10 2003 ± 6 2039 ± 11 36 ± 13
AT (μmol kg−1) 2273 ± 5 2283 ± 4 10 ± 7 2163 ± 5 2167 ± 3 4 ± 6
pCO2 (μatm) 1339 ± 84 1563 ± 108 224 ± 134 370 ± 18 467 ± 44 97 ± 48
pH 7.56 ± 0.03 7.50 ± 0.03 − 0.06 ± 0.04 8.06 ± 0.02 7.97 ± 0.04 − 0.09 ± 0.04
�Ar 0.68 ± 0.04 0.60 ± 0.04 − 0.08 ± 0.06 1.8 ± 0.1 1.5 ± 0.1 − 0.3 ± 0.1
O2 (μmol kg−1) 163 ± 1 122 ± 11 − 41 ± 11 298 ± 1 245 ± 17 − 53 ± 17
O2 sat (%) 57.5 ± 0.4 43 ± 4 − 14 ± 4 104.1 ± 0.4 86 ± 6 − 19 ± 6

Initial conditions [measured values ± standard uncertainties for dissolved inorganic carbon (DIC), and total alkalinity (AT), and calculated values ± combined
standard uncertainties for pCO2, pH, and �Ar] represent the conditions of the incubation water at the time of collection, except for O2 which is the adjusted
initial value ± standard uncertainty (Supplementary Methods). Two additional water samples from each treatment, one preserved at the start and the second
at the end of the pteropod incubations act as control samples (Supplementary Figure S1). These samples fell within the standard uncertainties of the initial
conditions of their respective treatments. Final conditions are expressed as the mean ± standard deviation of all incubation bottles within each treatment
after the ∼8 d pteropod incubations (undersaturated: n = 6, supersaturated: n = 7), excluding one bottle from the undersaturated treatment containing
four pteropods that experienced 100% mortality (Supplementary Figure S1). The change in water chemistry parameters over the incubation period (� ±
propagated uncertainty) was calculated as the difference between initial and final measurements. O2 saturation, pCO2, pH, and �Ar were calculated at
incubation temperature (9.0◦C), ambient lab pressure (1 atm), and practical salinities of 34.0 and 32.4 for the undersaturated and supersaturated treatments,
respectively.

and revealed deep damage in the SEM images (Table 1, Figure
2a–c, Supplementary Figure S4). In contrast, none of the 20
shells from the supersaturated treatment showed any dissolu-
tion in the manually scratched region (Table 1, Figure 2d–f,
Supplementary Figure S3). SEM images of shells from the su-
persaturated treatment (where no dissolution occurred) indi-
cate some variability in the strength of the scratches. As such,
these shells were divided into three categories based on the vis-
ibility of the scratches: the scratches were not visible on four
individuals (Figure 2d), almost undetectable on five individ-
uals (Figure 2e), and visible on the remaining 11 individuals
(Figure 2f) (Supplementary Figure S3). Inspection of the vis-
ible scratches under higher magnification SEM revealed that
they had almost no depth (e.g. Figure 2f, Supplementary Fig-
ure S3), indicating that manually induced damage to the shell
(if any) was confined to the upper prismatic layer.

Dissolution along the axial ridges and radial peaks
of whorls

Shell dissolution was also observed along the raised axial
ridges (perpendicular to whorls) between shell growth bands
on the outermost whorl (Figure 3a–c), and along the ra-
dial peaks (i.e. most elevated point of the convex whorl sur-
face, running parallel to whorl direction) of the inner whorls
(Figure 3g–i) on all individuals from the undersaturated treat-
ment (Table 1). The axial ridge dissolution followed almost
the entire length of these raised ridges but terminated where
the whorl starts to curve back down towards the suture be-
tween the two outermost whorls (Figure 3a–c). The pattern
of dissolution along the radial peaks can be connected with a
straight line drawn on a side-profile SEM image of the shell
(Figure 4). As such, the raised axial ridges and the radial peaks
would have been the main points of contact between the shell
and the walls of the glass incubation bottles as the pteropods
bumped into the sides while swimming or remaining on the
bottom. The depth of this dissolution is similar to that of the
dissolution observed along the manually induced scratches.
In contrast, SEM images of the shells from the supersaturated
treatment revealed no visible damage along any of the axial
ridges (Figure 3d–f) or radial peaks (Figure 3j–l) (Table 1),
indicating that the contact with the glass did not cause visi-
ble damage to the shell even though it may have worn away

the periostracum. In the undersaturated treatment this dam-
age to the periostracum allowed undersaturated water to di-
rectly contact the shell and cause dissolution.

Centre whorl dissolution and remainder of shell

Upon collection, roughly half of the individuals in each treat-
ment displayed small opaque white patches of dissolution con-
fined to the centre one or two shell whorls (e.g. Figure 5)
(Table 1). The locations of these patches did not overlap with
the manually scratched regions. Apart from the manually in-
duced scratches, axial ridges, radial peaks, and centre whorls,
no dissolution was evident on the remaining shell surfaces of
the individuals from the undersaturated treatment, and much
of the shell surface between axial ridges and on the slopes of
the inner whorls appeared pristine [i.e. translucent under light
microscope, smooth under SEM (Oakes et al., 2018; Peck et
al., 2018; Mekkes et al., 2021a)] (e.g. Figure 3a–c, g–i).

Seawater chemistry conditions in the incubations

Dissolved inorganic carbon (DIC) and total alkalinity (AT) in
control incubation bottles not containing any pteropods did
not change from the initial conditions (� within standard un-
certainties) (Supplementary Figure S1), indicating that back-
ground microbial respiration prior to and during the 8-d incu-
bation period was negligible. DIC in the pteropod incubation
bottles increased from the initial conditions (� > standard
uncertainty) by similar amounts in both treatments (Table 2,
Supplementary Figure S1), which we assume was due to ptero-
pod respiration. AT in the pteropod incubation bottles did not
change from the initial conditions (� within standard uncer-
tainty) in both treatments (Table 2, Supplementary Figure S1).
The changes in DIC in the incubation bottles caused pH and
�Ar to decrease from the initial conditions (� > combined
standard uncertainties) in both treatments by the end of the
incubations, although the supersaturated treatment remained
strongly supersaturated (Table 2, Supplementary Figure S1).

Dissolved oxygen (DO) was not measured at the end of
the incubations due to sample volume requirements for DIC
and AT analyses, but the increases in DIC were likely as-
sociated with the cumulative O2 demand by pteropod res-
piration during the incubations and, as such, would have
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Figure 2. Light microscope (left column) and SEM (three rightmost columns) images of six L. helicina specimens (rows a–f) whose periostraca were
subjected to manually induced damage (on the outermost one or two whorls, opposite the aperture) prior to incubation in natural seawater for 8 d.
Individuals (a–c) were incubated in conditions undersaturated with respect to aragonite, while individuals (d–f) were incubated in conditions
supersaturated with respect to aragonite. Each specimen was chosen to represent the observed ranges in degree of shell dissolution along scratches
(increasing from a to c) and visibility of manually induced abrasion (d = scratches not visible, e = scratches almost undetectable (black arrows),
f = scratches visible) observed amongst the total pool of specimens.

resulted in similar decreases in DO concentrations in both
treatments (Table 2). Given the replenishment of O2 from the
bottle headspace when the bottles were opened, DO concen-
trations (Table 2) remained well above the average thresh-
old for hypoxia used in the literature [70.4 ± 3.0 μmol kg−1

(Vaquer-Sunyer and Duarte, 2008)] and were more than suffi-
cient for pteropods (Supplementary Methods, Supplementary

Table S1, and Supplementary Figure S2). Although experi-
mental conditions (�Ar, pH, and DO concentrations) changed
during the incubations (except for temperature, which was
held constant), all remained within the natural seasonal ranges
typically experienced by L. helicina over its vertical habi-
tat [0–200 (Lalli and Gilmer, 1989) m] in the Salish Sea
(Figure 1).
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Figure 3. Light microscope (left column) and SEM (two rightmost columns) images contrasting the conditions of the axial ridges and radial peaks on the
shells of L. helicina incubated for 8 d in natural seawater that was either undersaturated (a–c, g–i) or supersaturated (d–f, j–l) with respect to aragonite.
White arrows in (c) indicate dissolution observed along the axial ridges, and in (i) indicate the dissolution along the radial peaks of the inner whorls. Black
arrows indicate areas between the axial ridges and radial peaks that remained pristine on individuals from the undersaturated treatment. No shell
damage was detectable along the axial ridges (d–f) or radial peaks (j–l) on individuals from the supersaturated treatment. Some salts/minerals appear to
have precipitated on some shells during preservation [e.g. in panels (f) and (l)], but these precipitates can be distinguished from dissolution damage
because they appear to sit on top of the shell rather than appearing as a cavity in the shell. A fibre is seen on the surface of the shell in panels (h) and (i),
which likely fell onto the shell prior to being placed in the SEM.

Discussion

This study represents the first experiment to physically ma-
nipulate the integrity of a pteropod periostracum in order to
test its ability to protect the shell from dissolution in under-
saturated water. We intentionally damaged a small, specific
area of the periostracum on live L. helicina before incubation
in seawater that was either undersaturated or supersaturated
with respect to aragonite. Resulting light microscope and SEM
images reveal that dissolution only occurred where the ptero-

pod periostracum had been damaged, both intentionally from
manual scratching and incidentally from contacting the glass
walls of the incubation bottles during the experiment, and the
shell was exposed to aragonite undersaturated water (Figure
2a–c, Figure 3a–c, g–i, Supplementary Figure S4). In contrast,
areas where the periostracum remained intact did not dissolve
despite being exposed to the same undersaturated conditions
(Figure 3c, i, Supplementary Figure S4). These results, which
occurred in 100% of the individuals from the undersaturated
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Figure 4. Side-profile of a L. helicina shell. The black line is a
cross-sectional representation of a flat surface (such as the walls of the
incubation bottle), and indicates that only the radial peaks (most elevated
points of the whorls) are affected when such a surface contacts
anywhere on the shell spire (e.g. when the animal bumps into the sides
or bottom of the incubation bottle while
swimming).

treatment, provide strong evidence that the L. helicina perios-
tracum protects the shell from dissolution in undersaturated
water.

Incidental damage to the periostracum (and associated dis-
solution) occurred during the incubations along the axial
ridges of the outer whorl and the radial peaks of the inner
whorls that was not anticipated (Figure 3). This damage con-
firms and enhances our findings by adding a consistent level
of periostracum damage that was not manually induced by an
experimenter. It was observed that the pteropods repeatedly
contacted the walls of the incubation bottles as they swam
around or periodically remained on the bottom (Supplemen-
tary Videos). Since the axial ridges and radial peaks are the
highest points of the shell (Figure 4), they would have made
contact with the glass walls and prevented the lower-elevation
points between them from making contact. Dissolution was
observed along the axial ridges of the outer whorl and the ra-
dial peaks of the inner whorls on 100% of the shells from the
undersaturated treatment, even though these areas were not
manually scratched (Figure 3a–c, g–i, Supplementary Figure
S4). These same regions were pristine on 100% of the shells
from the supersaturated treatment, indicating that the arago-
nite below the periostracum was not directly damaged by the
process of contacting the glass walls (Figure 2d–f, Figure 3d–f,
j–l, Supplementary Figure S3, Table 1). We therefore infer that
the observed dissolution on the axial ridges and radial peaks
of the shells from the undersaturated treatment was caused
by a breach in the periostracum that resulted from contact-
ing the glass walls, which allowed undersaturated water to
come into direct contact with the aragonite shell. Any natural
damage to the periostracum that may have occurred prior to
collection (and thus resulted in dissolution during incubation)
should be randomly dispersed on the shell since pteropods do
not typically encounter hard flat surfaces in their natural envi-
ronment. Busch et al. (2014) also observed similar axial ridge
dissolution on L. helicina (also collected from the Salish Sea)
after incubating them in undersaturated water and suggested
that these ridges are simply more prone to dissolution than
the rest of the shell. We contend that it is more likely that this
dissolution was caused by the periostracum being worn away

from repeated contact with the surfaces of their incubation
containers as in our study.

Except for the small patches of dissolution observed upon
collection on the centre one or two whorls, the remaining un-
scratched internal control areas of the shells between the ax-
ial ridges and radial peaks remained pristine on 100% of the
shells from the undersaturated treatment (Figure 3c, i, Sup-
plementary Figure S4). This stark contrast in shell condition
in the undersaturated treatment between areas that sustained
damage to the periostracum (i.e. the manually scratched areas
and the axial ridges and radial peaks), where dissolution was
observed, and the remaining internal control areas of the shell
that did not sustain periostracum damage and did not dis-
solve demonstrates the protective properties of the pteropod
periostracum. We conclude that the external shell surface of a
healthy, living adult L. helicina is protected from dissolution
in waters undersaturated with respect to aragonite if the pe-
riostracum remains intact, while a breach in the periostracum
allows dissolution to occur.

Protection offered by the periostracum helps explain
how L. helicina manages to deal with natural exposures
to aragonite-undersaturated water, for example, throughout
their evolutionary history during high CO2 periods such as the
Paleocene–Eocene Thermal Maximum (Hönisch et al., 2012;
Janssen et al., 2016; Peijnenburg et al., 2019), or currently
through their distributions in regions with naturally acidic wa-
ter such as the Salish Sea (Mackas et al., 2013; Keil et al.,
2021), the upwelling region of the California Current System
(Mekkes et al., 2021b), and the Canada Basin of the Arctic
Ocean (Comeau et al., 2012b). One study has assessed in situ
L. helicina shell condition in the Salish Sea (Bednaršek et al.,
2021), and although they observed shell dissolution associated
with low �Ar, the authors also noted that this species persists
in these chemically unfavourable conditions, possibly due to
life history and physiological adaptations. Busch et al. (2014)
also noted that the persistence of this species in the corrosive
conditions of the Salish Sea warranted further investigation.
Some pteropod species also appear to perform diel vertical
migrations (Wormuth, 1981) which may expose them daily to
undersaturated waters in regions with shallow aragonite sat-
uration horizons such as the Salish Sea (Ianson et al., 2016;
Evans et al., 2019; Jarníková et al., 2022) or the California
Current System (Mekkes et al., 2021b).

Retaining a thin periostracum as a defence against seawa-
ter that is corrosive to CaCO3 would be a useful evolution-
ary strategy for a holoplanktonic calcifying species since this
layer is lightweight and, as it consists of non-living tissue, re-
quires no energy expenditure once formed. Except in polar
oceans where sea ice is present, pteropods are unlikely to reg-
ularly encounter solid objects or particles that would cause
abrasive damage to the periostracum. Nonetheless, other fac-
tors may potentially damage the periostracum over the ptero-
pod life cycle. Being comprised of organic material, the pe-
riostracum is subject to microbial degradation (Harper, 1997).
Little is known about this process in pteropods, with only
one study to date investigating the link between bacteria and
shell dissolution, which found no significant effect, although
they did not focus on the periostracum (Bausch et al., 2018).
Failed predation attempts by predators that do not ingest the
whole shell (e.g. the predatory gymnosome pteropod Clione
limacina) may cause scratch-like damage to the periostracum
(Peck et al., 2016a, 2018). The centre whorls are the most
common area that dissolution is observed on the shells of L.
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Figure 5. Light microscope (a) and SEM (b) images of shell dissolution on the centre two whorls of a L. helicina shell collected from the northern Salish
Sea and incubated in natural seawater supersaturated with respect to aragonite for 8 d.

helicina (Peck et al., 2016a; Mekkes et al., 2021b), including
on roughly half of our shells, suggesting that natural damage
to the periostracum on the centre whorls is common. These
whorls are the oldest parts of the shell and have therefore had
the most time for microbial degradation and failed predation
attempts to occur (Peck et al., 2016a). Additionally, the perios-
tracum may be thinner on the centre whorls when the animal
is first starting to secrete its shell, potentially limiting its pro-
tective capacity and making it more prone to damage. Disso-
lution has also been observed on other parts of the shell (e.g.
Peck et al., 2018), often being linked to lower aragonite satu-
ration state. These observations indicate that natural damage
to the periostracum is not limited to just the centre whorls. Un-
derstanding the conditions that promote natural periostracum
damage, whether through bacterial degradation or mechani-
cal damage, could allow us to better predict the risks posed to
pteropods by OA-induced dissolution.

Superficial damage to the periostracum, such as the damage
incurred in our experiment, or damage caused by microbial
degradation or failed predation attempts in the wild, cannot
be repaired if the shell has not been fully breached and the
damage is located away from the growing edge, since the pe-
riostracum is only secreted at the mantle edge (Wagge, 1951;
Beedham, 1965; Saleuddin and Petit, 1983; Harper, 1997). In
some non-pteropod species of gastropods and some bivalves,
a new periostracum-like organic layer is deposited during the
process of shell repair after pieces of the shell are entirely
removed (Watabe, 1983). In all documented cases of perios-
tracum repair the mantle was able to access the outside of the
shell, either through a full breach or at the growing edge (An-
drews, 1934; Bubel, 1973; Pan and Watabe, 1989). Pteropods
can repair full shell breaches by depositing new aragonite
from the inside (Peck et al., 2016a, 2018), but there is no ev-
idence of periostracum replacement or repair in pteropods.
Thus, a pteropod with a damaged periostracum must continue
to thicken the shell from within as long as they are exposed
to aragonite undersaturated waters, or the shell will eventu-
ally be breached (Peck et al., 2016a). The few documented
cases in the literature of pteropods thickening their shells in
response to dissolution (Peck et al., 2016a, 2018) suggest that
the time scales of repair are either similar to, or shorter than,
the time scales of dissolution. Otherwise, those individuals
would probably not have survived, given that a shell breach

increases the risks of infection and predation and reduces the
animal’s ability to regulate buoyancy (Peck et al., 2018). How-
ever, more research is needed to quantify rates and confirm
whether pteropod shell repair can keep pace with continued
dissolution.

The extent to which the periostracum may protect
pteropods as OA increases in the future remains unclear.
Although our results show that pteropods may currently
be more resistant to OA-induced shell dissolution than pre-
viously thought, additional (and potentially multiplicative)
stressors caused by OA and other aspects of climate change
still pose threats independent of shell dissolution. For exam-
ple, the progression of OA will increase energetic costs associ-
ated with calcification and other metabolic processes (Spald-
ing et al., 2017; Mekkes et al., 2021a, b). Pteropods will there-
fore likely need to expend more energy to precipitate their
shells (Spalding et al., 2017), which requires sufficient food or
energy stores to be available (Waldbusser et al., 2013; Spald-
ing et al., 2017), and physiological limits in calcification rates
may exist. The degree to which any increased energetic cost to
precipitation might affect pteropod populations over time is
unknown. Alternatively, producing thinner or less-dense shells
(Mekkes et al., 2021a, b) could circumvent the extra energetic
cost, but may simultaneously compromise the animal’s buoy-
ancy or defence against predators. Other stressors associated
with climate change, such as increased temperature, deoxy-
genation, or shifting trophic dynamics that result in reduced
food availability or higher metabolic rates, will likely further
increase these energetic costs. Larval and juvenile organisms
are generally the most vulnerable to changing environmen-
tal conditions (Kroeker et al., 2013), but due to the difficulty
in maintaining pteropods in laboratory cultures, few studies
(Comeau et al., 2010; Thabet et al., 2015; Manno et al., 2016)
have assessed the impacts of OA on these critical life stages.
The role of the periostracum in protecting the larval shell dur-
ing development also remains unknown.

Limitations

There was some variability in the strength of the manual
scratching, an artefact of the extreme difficulty in gently
scratching the delicately thin shells of these tiny organisms
by hand while looking through a microscope. This variability
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was revealed by the range in visibility of the scratches in SEM
images of shells from the supersaturated treatment (where
no dissolution occurred) (Figure 2d–f, Supplementary Figure
S3). Some of the stronger scratches may have induced dam-
age to the aragonite shell on some of the individuals rather
than breaching the periostracum alone. However, scratches
were entirely absent in SEM images of 4 of the 20 individuals
from the supersaturated treatment and almost undetectable
on another five (Figure 2d, Supplementary Figure S3). We as-
sume that the scratches on individuals from the undersatu-
rated treatment also followed a similar distribution of vari-
ability. Since dissolution was observed along the scratches in
all individuals from the undersaturated treatment, removal of
the periostracum was likely the main driver of the dissolution.

Pteropods are notoriously difficult organisms to maintain
in laboratory incubations, typically exhibiting unnatural be-
haviours and high mortality rates (Howes et al., 2014). Al-
though pteropods in incubation containers have not been ob-
served to feed using their typical mucous webs, they can direct
food particles into the mouth using ciliated lobes (Howes et
al., 2014). No food was added to our incubation bottles, but
L. helicina has been shown capable of surviving in captivity
without food for up to 4 weeks (presumably on lipid and body
reserves) (Lischka et al., 2011). The pteropods used in this
study were collected near the end of the spring/summer sea-
son of 2019 in the productive Salish Sea (March–September)
(Simpson et al., 2022), so they would likely have been rela-
tively well-fed prior to collection, and yet we still saw strong
dissolution in the areas of damaged periostracum. The effects
of incubation conditions on pteropod behaviour or physiol-
ogy should be considered during long-term experiments aimed
to assess population-level impacts of OA. However, the aim
of our study was to assess a short-term mechanistic response
when a pteropod with a damaged periostracum is exposed to
corrosive water.

Conclusions

Our findings demonstrate that the periostracum of L. helic-
ina is an important first line of defence that protects the shell
from exposure to corrosive water, and they strongly support
the conclusion of Peck et al., 2016a, b) that dissolution of the
external shell surface on healthy, actively swimming adult L.
helicina only occurs when the periostracum has been breached
and the shell is exposed to undersaturated water (�Ar < 1).
Since, pteropods currently play a large role in discussions
about the global ecological implications of an acidifying ocean
(Bednaršek et al., 2016b; Manno et al., 2017), recognizing this
mode of defence is critical to accurately evaluating the broader
risks posed by OA, especially when considering their use as
bioindicators for water quality assessment. This work thus
highlights the importance of understanding and considering
the complex biology of species that are proposed as bioindi-
cators to inform predictions about future impacts on ocean
ecosystems.

Acknowledgements

We thank the captain and crew of the CCGS John P. Tully,
DFO science staff, especially Kelly Young and Moira Gal-
braith for assistance in field work, Chief Scientist Akash Sas-
tri for providing lab space, equipment, and experimental ad-
vice, Marty Davelaar and Danielle Caleb for sample analysis,

Roberta Hamme for providing advice on oxygen and respira-
tion chemistry and data analysis, Elaine Humphrey for assis-
tance with SEM imaging, and Verena Tunnicliffe, Brad Anholt,
and two anonymous reviewers for helpful comments that im-
proved the manuscript.

Data availability

Light and SEM images of all specimens along with wa-
ter chemistry data for all incubation samples generated in
this study are included in the supplementary material files
as Supplementary Figures S3 and S4, and Supplementary
Dataset 1, respectively. All other datasets analysed in this
study are available on the National Oceanic and Atmospheric
Administration’s Ocean Carbon and Acidification Data Sys-
tem (OCADS) (https://www.ncei.noaa.gov/products/ocean-c
arbon-acidification-data-system): data used for DIC and AT

uncertainty analysis (Sastri et al., 2022) (https://doi.org/10
.25921/5fza-nj73), and data used to generate Figure 1 (Ian-
son et al., 2018; Chandler et al., 2021a, b) (https://doi.org/10
.7289/v5k64gcp, https://doi.org/10.25921/vr8n-x476, https:
//doi.org/10.25921/0cnc-x944) (see Supplementary Methods
for more detail).

Supplementary data

Supplementary material is available at the ICESJMS online
version of the manuscript.

Author contributions

MRM conceptualized and carried out the experiment and
wrote the manuscript. RO, PC, DI, and JD helped interpret
results and reviewed and edited the manuscript. DI and JD
obtained the funding.

Funding

This work was supported by funding to DI from the Govern-
ment of Canada’s Aquatic Climate Change Adaptation and
Services Program (ACCASP) (96036) plus a Discovery Grant
(to JD) (RGPIN-2020-07077) and an Alexander Graham Bell
Canada Graduate Scholarship (to MRM) from the Natu-
ral Sciences and Engineering Research Council of Canada
(NSERC).

Conflict of interest

The authors have no conflicts of interest to declare.

References

Andrews, E. A. 1934. Shell repair by the snail Pleurodonte rostrata pfr.
The Biological Bulletin, 67: 294–299.

Armstrong, J. L., Myers, K. W., Beauchamp, D. A., Davis, N. D., Walker,
R. V., Boldt, J. L., Piccolo, J. J. et al. 2008. Interannual and spatial
feeding patterns of hatchery and wild juvenile pink salmon in the
Gulf of Alaska in years of low and high survival. Transactions of
the American Fisheries Society, 137: 1299–1316.

Bausch, A. R., Gallego, M. A., Harianto, J., Thibodeau, P., Bednaršek,
N., Havenhand, J. N., and Klinger, T. 2018. Influence of bacteria on
shell dissolution in dead gastropod larvae and adult Limacina helic-
ina pteropods under ocean acidification conditions. Marine Biology,
165: 40.

1338

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/5/1329/7160602 by U
niversity of Victoria, M

cPherson Library Serials user on 11 February 2025

https://www.ncei.noaa.gov/products/ocean-carbon-acidification-data-system
https://doi.org/10.25921/5fza-nj73
https://doi.org/10.7289/v5k64gcp
https://doi.org/10.25921/vr8n-x476
https://doi.org/10.25921/0cnc-x944
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsad059#supplementary-data


Evidence for an effective defence against ocean acidification in the key bioindicator pteropod Limacina helicina

Bednaršek, N., Harvey, C. J., Kaplan, I. C., Feely, R. A., and Možina, J.
2016. Pteropods on the edge: cumulative effects of ocean acidifica-
tion, warming, and deoxygenation. Progress in Oceanography, 145:
1–24.

Bednaršek, N., Tarling, G. A., Bakker, D. C., Fielding, S., Cohen, A.,
Kuzirian, A., McCorkle, D. et al. 2012. Description and quantifica-
tion of pteropod shell dissolution: a sensitive bioindicator of ocean
acidification. Global Change Biology, 18: 2378–2388.

Bednaršek, N., Tarling, G. A., Bakker, D. C. E., Fielding, S., and Feely,
R. A. 2014. Dissolution dominating calcification process in polar
pteropods close to the point of aragonite undersaturation. PLoS
One, 9: e109183.

Bednaršek, N., Tarling, G. A., Bakker, D. C. E., Fielding, S., Jones, E. M.,
Venables, H. J., Ward, P. et al. 2012. Extensive dissolution of live
pteropods in the Southern Ocean. Nature Geoscience, 5: 881–885.

Bednaršek, N., Johnson, J., and Feely, R. A. 2016. Comment on Peck et
al.: vulnerability of pteropod (Limacina helicina) to ocean acidifica-
tion: shell dissolution occurs despite an intact organic layer. Deep
Sea Research Part II: Topical Studies in Oceanography, 127: 53–56.

Bednaršek, N., Klinger, T., Harvey, C. J., Weisberg, S., McCabe, R. M.,
Feely, R. A., Newton, J. et al. 2017. New ocean, new needs: applica-
tion of pteropod shell dissolution as a biological indicator for marine
resource management. Ecological Indicators, 76: 240–244.

Bednaršek, N., Newton, J. A., Beck, M. W., Alin, S. R., Feely, R. A.,
Christman, N. R., and Klinger, T. 2021. Severe biological effects un-
der present-day estuarine acidification in the seasonally variable Sal-
ish Sea. Science of The Total Environment, 765: 142689.

Beedham, G. E. 1965. Repair of the shell in species of Anodonta. Pro-
ceedings of the Zoological Society of London, 145: 107–123.

Bubel, A. 1973. An electron-microscope study of periostracum repair in
Mytilus edulis. Marine Biology, 20: 235–244.

Buitenhuis, E. T., Quéré, C. L., Bednaršek, N., and Schiebel, R. 2019.
Large contribution of pteropods to shallow CaCO3 export. Global
Biogeochemical Cycles, 33: 458–468.

Busch, D. S., Maher, M., Thibodeau, P., and McElhany, P. 2014. Shell
condition and survival of Puget Sound pteropods are impaired by
ocean acidification conditions. PLoS One, 9: e105884.

Caldeira, K., and Wickett, M. E. 2003. Anthropogenic carbon and ocean
pH. Nature, 425: 365–365.

Chandler, P., Davelaar, M., Caleb, D., Ianson, D., Germaine, G., Ro-
maine, S., Scozzafava, K. et al. 2021a. Discrete profile measure-
ments of dissolved inorganic carbon (DIC), total alkalinity (TA), wa-
ter temperature, salinity, nutrients and dissolved oxygen during the
CCGS Vector Water Properties Survey cruise 2014-50 (EXPOCODE
18VT20141027) in the Strait of Georgia, Juan de Fuca Strait of
the North American Pacific coast from 2014-10-27 to 2014-10-
30 (NCEI Accession 0225526). NOAA National Centers for En-
vironmental Information. https://doi.org/10.25921/vr8n-x476 (last
accessed 11 May 2021).

Chandler, P., Davelaar, M., Caleb, D., Ianson, D., Germaine, G., Ro-
maine, S., Scozzafava, K. et al. 2021b. Discrete profile measure-
ments of dissolved inorganic carbon (DIC), total alkalinity (TA), wa-
ter temperature, salinity, nutrients and dissolved oxygen during the
CCGS Vector Water Properties Survey cruise 2015-17 (EXPOCODE
18VT20150401) in the Strait of Georgia, Juan de Fuca Strait of
the North American Pacific coast from 2015-04-01 to 2015-04-
05 (NCEI Accession 0225534). NOAA National Centers for En-
vironmental Information. https://doi.org/10.25921/0cnc-x944 (last
accessed 11 May 2021).

Comeau, S., Alliouane, S., and Gattuso, J. 2012. Effects of ocean acidi-
fication on overwintering juvenile Arctic pteropods Limacina helic-
ina. Marine Ecology Progress Series, 456: 279–284.

Comeau, S., Gattuso, J.-P., Nisumaa, A.-M., and Orr, J. 2012. Im-
pact of aragonite saturation state changes on migratory pteropods.
Proceedings of the Royal Society B: Biological Sciences, 279:
732–738.

Comeau, S., Gorsky, G., Alliouane, S., and Gattuso, J.-P. 2010. Larvae
of the pteropod Cavolinia inflexa exposed to aragonite undersatu-
ration are viable but shell-less. Marine Biology, 157: 2341–2345.

Dickson, A. G., Sabine, C. L., and Christian, J. R. 2007. Guide to Best
Practices for Ocean CO2 Measurements. North Pacific Marine Sci-
ence Organization, Sidney. 191pp.

Doney, S. C., Busch, D. S., Cooley, S. R., and Kroeker, K. J. 2020. The
impacts of ocean acidification on marine ecosystems and reliant hu-
man communities. Annual Review of Environment and Resources,
45: 83–112.

Evans, W., Pocock, K., Hare, A., Weekes, C., Hales, B., Jackson, J.,
Gurney-Smith, H. et al. 2019. Marine CO2 patterns in the north-
ern Salish Sea. Frontiers in Marine Science, 5: 536.

Fabry, V. J., Seibel, B. A., Feely, R. A., and Orr, J. C. 2008. Impacts of
ocean acidification on marine fauna and ecosystem processes. ICES
Journal of Marine Science, 65: 414–432.

Feely, R. A., Doney, S. C., and Cooley, S. R. 2009. Ocean acidifica-
tion: present conditions and future changes in a high-CO2 world.
Oceanography, 22: 36–47.

Franco, A. C., Ianson, D., Ross, T., Hamme, R. C., Monahan, A. H.,
Christian, J. R., Davelaar, M. et al. 2021. Anthropogenic and cli-
matic contributions to observed carbon system trends in the north-
east Pacific. Global Biogeochemical Cycles, 35: 2020GB006829.

Frieder, C. A., Applebaum, S. L., Pan, T.-C. F., Hedgecock, D., and Man-
ahan, D. T. 2017. Metabolic cost of calcification in bivalve larvae
under experimental ocean acidification. ICES Journal of Marine Sci-
ence, 74: 941–954.

Friedlingstein, P., Jones, M. W., O’Sullivan, M., Andrew, R. M., Bakker,
D. C. E., Hauck, J., Quéré, C. L. et al. 2022. Global carbon budget
2021. Earth System Science Data, 14: 1917–2005.

Haigh, R., Ianson, D., Holt, C. A., Neate, H. E., and Edwards, A. M.
2015. Effects of ocean acidification on temperate coastal marine
ecosystems and fisheries in the northeast Pacific. PLoS One, 10:
e0117533.

Harper, E. M. 1997. The molluscan periostracum: an important con-
straint in bivalve evolution. Palaeontology, 40: 71–97.

Hönisch, B., Ridgwell, A., Schmidt, D. N., Thomas, E., Gibbs, S. J., Sluijs,
A., Zeebe, R. et al. 2012. The geological record of ocean acidifica-
tion. Science, 335: 1058–1063.

Howes, E. L., Bednaršek, N., Büdenbender, J., Comeau, S., Doubleday,
A., Gallager, S. M., Hopcroft, R. R. et al. 2014. Sink and swim: a
status review of thecosome pteropod culture techniques. Journal of
Plankton Research, 36: 299–315.

Hunt, B. P. V., Pakhomov, E. A., Hosie, G. W., Siegel, V., Ward, P.,
and Bernard, K. 2008. Pteropods in Southern Ocean ecosystems.
Progress in Oceanography, 78: 193–221.

Ianson, D., Allen, S. E., Moore-Maley, B. L., Johannessen, S. C., and
Macdonald, R. W. 2016. Vulnerability of a semienclosed estuarine
sea to ocean acidification in contrast with hypoxia. Geophysical Re-
search Letters, 43: 5793–5801.

Ianson, D., Allen, S. E., Moore-Maley, B. L., Johannessen, S. C., and
Macdonald, R. W. 2018. Discrete profile measurements of dissolved
inorganic carbon (DIC), total alkalinity (TALK), salinity, nutrients
and temperature during the CCGS John P. Tully and CCGS Vector
time series cruises in the Strait of Georgia of the North American
Pacific coast in 2003 and between 2010 and 2012 (NCEI Accession
0173514). NOAA National Centers for Environmental Information.
https://doi.org/10.7289/v5k64gcp (last accessed 11 May 2021).

IPCC. 2011. Workshop on Impacts of Ocean Acidification on Marine
Biology and Ecosystems. IPCC Working Group II Technical Support
Unit, Carnegie Institution, Stanford, CA.

Janssen, A. W., Sessa, J. A., and Thomas, E. 2016. Pteropoda (Mol-
lusca, Gastropoda, Thecosomata) from the Paleocene–Eocene Ther-
mal Maximum (United States Atlantic Coastal Plain). Palaeontolo-
gia Electronica, 19: 1–26.

Jarníková, T., Ianson, D., Allen, S. E., Shao, A. E., and Olson, E. M. 2022.
Anthropogenic carbon increase has caused critical shifts in aragonite
saturation across a sensitive coastal system. Global Biogeochemical
Cycles, 36: 2021GB007024.

Johnson, A. B., Fogel, N. S., and Lambert, J. D. 2019. Growth and
morphogenesis of the gastropod shell. Proceedings of the National
Academy of Sciences, 116: 6878–6883.

1339

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/80/5/1329/7160602 by U
niversity of Victoria, M

cPherson Library Serials user on 11 February 2025

https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax \begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax doi.org\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 10.25921\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax vr8n-x476
https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax \begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax doi.org\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 10.25921\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 0cnc-x944
https:\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax \begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax doi.org\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax 10.7289\begingroup \count@ "002F\relax \relax \uccode `~\count@ \uppercase {\gdef {\relax \protect $\relax \sim $}}\endgroup \setbox \thr@@ \hbox {}\dimen \z@ \wd \thr@@ \dimen \z@ \ht \thr@@ \dimen \z@ \dp \thr@@ \relax v5k64gcp


M. R. Miller et al.

Keil, K. E., Klinger, T., Keister, J. E., and McLaskey, A. K. 2021. Compar-
ative sensitivities of zooplankton to ocean acidification conditions
in experimental and natural settings. Frontiers in Marine Science, 8:
613778.

Kroeker, K. J., Kordas, R. L., Crim, R., Hendriks, I. E., Ramajo, L.,
Singh, G. S., Duarte, C. M. et al. 2013. Impacts of ocean acidification
on marine organisms: quantifying sensitivities and interaction with
warming. Global Change Biology, 19: 1884–1896.

Lalli, C. M., and Gilmer, R. W. 1989. Pelagic Snails: The Biology
of Holoplanktonic Gastropod Mollusks. Stanford University Press,
Stanford. 259pp.

Lischka, S., Büdenbender, J., Boxhammer, T., and Riebesell, U. 2011.
Impact of ocean acidification and elevated temperatures on early
juveniles of the polar shelled pteropod Limacina helicina: mortality,
shell degradation, and shell growth. Biogeosciences, 8: 919–932.

Mackas, D., Galbraith, M., Faust, D., Masson, D., Young, K., Shaw, W.,
Romaine, S. et al. 2013. Zooplankton time series from the Strait of
Georgia: results from year-round sampling at deep water locations,
1990–2010. Progress in Oceanography, 115: 129–159.

Mackas, D. L., and Galbraith, M. D. 2012. Pteropod time-series from
the NE Pacific. ICES Journal of Marine Science, 69: 448–459.

Manno, C., Morata, N., and Primicerio, R. 2012. Limacina retroversa’s
response to combined effects of ocean acidification and sea water
freshening. Estuarine, Coastal and Shelf Science, 113: 163–171.

Manno, C., Peck, V. L., and Tarling, G. A. 2016. Pteropod eggs released
at high pCO2 lack resilience to ocean acidification. Scientific Re-
ports, 6: 25752.

Manno, C., Bednaršek, N., Tarling, G. A., Peck, V. L., Comeau, S., Ad-
hikari, D., Bakker, D. C. E. et al. 2017. Shelled pteropods in peril:
assessing vulnerability in a high CO2 ocean. Earth-Science Reviews,
169: 132–145.

Marshall, K. N., Kaplan, I. C., Hodgson, E. E., Hermann, A., Busch, D. S.,
McElhany, P., Essington, T. E. et al. 2017. Risks of ocean acidification
in the California Current food web and fisheries: ecosystem model
projections. Global Change Biology, 23: 1525–1539.

Mekkes, L., Sepúlveda-Rodríguez, G., Bielkinaitė, G., Wall-Palmer, D.,
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