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Few studies to date have demonstrated widespread biological impacts of ocean
acidification (OA) under conditions currently found in the natural environ-
ment. From a combined survey of physical and chemical water properties
and biological sampling along the Washington—Oregon—California coast in
August 2011, we show that large portions of the shelf waters are corrosive
to pteropods in the natural environment. We show a strong positive correlation
between the proportion of pteropod individuals with severe shell dissolution
damage and the percentage of undersaturated water in the top 100 m with
respect to aragonite. We found 53% of onshore individuals and 24% of offshore
individuals on average to have severe dissolution damage. Relative to pre-
industrial CO, concentrations, the extent of undersaturated waters in the top
100 m of the water column has increased over sixfold along the California Cur-
rent Ecosystem (CCE). We estimate that the incidence of severe pteropod shell
dissolution owing to anthropogenic OA has doubled in near shore habitats
since pre-industrial conditions across this region and is on track to triple by
2050. These results demonstrate that habitat suitability for pteropods in the
coastal CCE is declining. The observed impacts represent a baseline for
future observations towards understanding broader scale OA effects.

1. Introduction

The release of carbon dioxide (CO,) into the atmosphere from fossil fuel burning,
cement production and deforestation processes has resulted in atmospheric CO,
concentrations that have increased about 40% since the beginning of the industrial
era [1,2]. The oceans have taken up approximately 28% of the total amount of CO,
produced by human activities over this time-frame [1-3], causing a variety of
chemical changes known as ocean acidification (OA). The process of OA has
reduced the average surface ocean pH by about 0.1 and is expected to reduce
average pH by another 0.3 units by the end of this century [4,5]. The rapid
change in ocean chemistry is faster than at any time over the past 50 Myr [6].
This CO, uptake will lead to a reduction in the saturation state of seawater
with respect to calcite and aragonite, which are the two most common
polymorphs of calcium carbonate (CaCOs;) formed by marine organisms [5,7].
High-latitude areas of the open ocean will be the most affected by OA owing
to the high solubility of CO, in cold waters [8—10]; however, the California
Current Ecosystem (CCE) is already experiencing CO, concentrations similar to
the projections for high-latitude regions, pointing towards enhanced vulnerability
to OA [11-14]. This is, in part, owing to the natural process of upwelling, which

© 2014 The Author(s) Published by the Royal Society. Al rights reserved.
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Figure 1. Planview maps. (a) Depth of the aragonite saturation horizon along the US West Coast. (b) Per cent of upper 100 m of the water column in the CCE
estimated to be undersaturated during the (b) pre-industrial time and (c) the August—September 2011 time period. Pteropod station locations are indicated by

numbers within the squares (c) and are referred to in figure 3.

brings already CO,-rich waters from the ocean interior to the
shelf environment and adds to the anthropogenic CO, contri-
bution. These combined processes result in the greater
frequency of thermodynamically unfavourable conditions
[14,15], enhancing dissolution of CaCOj; in the water column
[16]. The term that quantifies the thermodynamic tendency
towards dissolution or precipitation is the saturation state, or
{),, (omega); for a given CaCO; mineral, e.g. aragonite,
0, = [Ca®*][CO3 ] /Klpes where [Ca®] and [CO3 ] are con-
centrations of calcium and carbonate ion, respectively, and
Koo is the apparent solubility product for aragonite. When
omega is greater than 1, precipitation is thermodynamically
favoured, and when omega is less than 1, there is a thermodyn-
amic tendency towards dissolution. Because of the combined
effects of pressure and organic matter remineralization at
depth, (2,, is typically lower at greater depths. The depth at
which (2,, =1, known as the aragonite saturate horizon, has
shoaled by as much as 25-40 m in upwelling shelf waters
and approximately 40-100 m in offshore regions of the CCE
[11,14]. The CCE is characterized by strong spatial (both hori-
zontal and vertical) and temporal gradients in (2,, [11,14],
with the aragonite saturation shoaling closest to the surface
during the summer upwelling season in the Washington—
Oregon coastal regions and off northern California. Based on
both discrete observations and model calculations, it has
been suggested that the upwelled undersaturated source-
waters were present 10% of the time at the shelf break in the
pre-industrial era, and contemporary ocean source-waters are
undersaturated approximately 30% of the time during the
upwelling season at the shelf break [12-14]. The upwelled
undersaturated waters reach their shallowest depths close to
the coast where they occasionally reach the surface [4,11,14].
The results for the 2011 cruise (figure 1a,c), which are represen-
tative of summertime conditions for the last few years, show
evidence for corrosive water shoaling along the bottom to

depths of about 20-50 m in the coastal waters off Washington,
Oregon and northern California, and to depths of 60—120 m off
southern California. The Washington—Oregon results are con-
sistent with time-series measurements off Newport, Oregon,
which provide evidence for increased fluctuations in (2,
(range: 0.8—3.8) on time-scales of weeks and very low satur-
ation state waters during the upwelling season from June
through to October [14,16]. From the moored saturation state
and temperature observations from 2007 through to 2011, it
is evident that the upwelling events primarily occur in the
summer and early autumn months and last for approximately
one to five weeks [14,16]. During this period, offshore surface
waters generally have higher aragonite saturation states than
the onshore waters (figure 1a,c). After the upwelling season
has ended in November, the surface (2, values average
about 2.0 (range: 1.8-2.3) and show little variability during
the winter and early spring months [14]. The anthropogenic
component of the increased dissolved inorganic carbon (DIC)
in the upwelled water contributes approximately 10-20% of
the total change in (2,, during the upwelling season [14,16].

For the southern California region, the 2011 (2,, data in figure
la,c are also consistent with the proxy-based 2005-2011 time
series of (2, data of Alin et al. [17] for the CalCOFI region
off southern California, which suggest that the aragonite
saturation horizon generally varies between depths of about
50-200m and shows more spatial variability during the
summer upwelling season. This makes the CCE an ideal ecosys-
tem to study seasonally persistent OA conditions for better
informed predictions of future impacts, especially for species
that might be most vulnerable to more intensified and
prolonged exposure to OA [18-20].

Pteropods are ubiquitous holoplanktonic calcifiers that are
particularly important for their role in carbon flux and energy
transfer in pelagic ecosystems. From an evolutionary perspec-
tive, a progressively thinner and lighter shell might have
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provided pteropods with a competitive advantage for conquer-
ing new niches within the pelagic realm [21]. They build shells of
aragonite, a more soluble form of CaCOj, and contribute
20-42% towards global carbonate production [22], with
higher biomasses in polar areas [23,24] as well as on the conti-
nental shelves and areas of high productivity [22]. The CCE
includes shelf waters that are among the most biologically pro-
ductive in the world [25], where the most ubiquitous pteropod
species, Limacina helicina, can attain high abundances [26] and
represent an important prey group for ecologically and econ-
omically important fishes, bird and whale diets [27]. Their
spatial habitat stretches along the CCE and their vertical habitat
encompasses the upper 75-150 m during day and night, with
some healthy individuals capable of vertically migrating much
deeper [28,29].

The CCE is a major upwelling region that is already
experiencing ‘acidified” conditions [11-14] under which thin
pteropod shells are vulnerable to dissolution [30-32], even by
short-term exposures (4-14 days) to near-saturated waters
(2 ~ 1), which makes them a suitable indicator for monitoring
small-scale changes in the carbonate chemistry environment
[30]. The existence of strong vertical gradients in aragonite sat-
uration in the first 100 m of the CCE further accelerated by
anthropogenic OA, where undersaturation protrudes into the
pteropod vertical habitat provided a setting for estimating
quantitative relationships between in situ undersaturation and
shell dissolution. These quantitative relationships can further
be used to evaluate potential changes in reduction of vertical
habitat suitability for pteropods over time owing to OA.

2. Material and methods

(a) Carbonate chemistry sampling and

analytical methods

For the 2011 West Coast OA (WCQOA) cruise, samples were ana-
lysed for DIC, total alkalinity (TA) and hydrographic data along
13 cross-shelf transects (figure 1a), from 11 August to 3 September
2011. The conditions observed during the 2011 WCOA summer
cruise were consistent with other observations and model results
for the last several years during the upwelling season [11-17].
Water samples were collected from modified Niskin-type bottles
and analysed for DIC, TA, oxygen, nutrients and dissolved and
particulate organic carbon. The DIC concentration was determined
by gas extraction and coulometry using a modified Single
Operator Multi-parameter Metabolic Analyser, with a precision
of +1.5 umol kg . Seawater TA was measured by acidimetric
titration, employing the open-cell method described by Dickson
et al. [33,34]. The precision for TA was +2.0 wmol kg~ '. Replicate
samples were typically taken for two sample depths at each station.
The replicate samples were interspersed throughout station depth
for quality assurance. No systematic differences between the repli-
cates were observed. Data accuracy was confirmed by regular
analyses of certified reference materials [33].

Using the programme of Lewis & Wallace [35], carbonate ion
concentration was calculated using carbonic acid dissociation
constants of Lueker et al. [36]. The in situ degree of saturation
of seawater with respect to aragonite and calcite is the ion pro-
duct of the concentrations of calcium and carbonate ions, at the
in situ temperature, salinity and pressure, divided by the appar-
;par) for those conditions,
where Ca®" concentrations are estimated from the salinity,
and carbonate ion concentrations are calculated from the DIC
and TA data. The temperature and salinity effect on the solubility

ent stoichiometric solubility product (K

is estimated from the equation of Mucci [37] and includes the
adjustments to the constants recommended by Millero [38].

(b) Physical —chemical background calculations

We used carbonate chemistry measurements obtained from
discrete water samples to develop a linear model for estimating
aragonite saturation state ({),,) values across depths at each
sampling station, based on conductivity, temperature and depth
(CTD) depth profiles of oxygen concentrations and temperature.
Although predictive algorithms of (2,, have been developed for
the CCE using these variables [17,39], they are not valid for near-
surface waters (less than 15 m) and were therefore not applied to
our dataset. In preliminary models of (2,,, we evaluated multiple
regression models where temperature and oxygen were included
as predictor variables, but we observed residual error structure at
the station level. To accommodate this issue and achieve better pre-
dictive performance, we fitted a mixed effects model for both
variables (temperature (°C) and oxygen (pnmol kg_l)). We used
In-transformed (2,, and O, to improve normality in the residual
error. We evaluated model fit based on the proportion of variance
explained by both the fixed and random effects (i.e. the ‘conditional
%) [40] and the root mean square error (RMSE). The final model
had a conditional 7* of 0.99 and a RMSE (based on the original
{),, scale) of 0.0016, indicating a strong fit to the data, and was sub-
sequently used to predict (2,, across all depths (0-100 m) with
corresponding CTD temperature and oxygen concentration
measurements. The model was fitted using the ‘nlme’ statistical
library and implemented in the ‘R’ statistical software package [41].

(c) Biological sampling

Sampling stations were located from 31 to 48° N and from 122 to
126° W (figure 1a,c). The survey encompassed three broad regions
typified by regional differences in wind and temperature patterns
that potentially affect the dynamics of (2,, [42]. The region north of
Cape Mendocino (40.5° N) was denoted as the northern region,
between Cape Mendocino and Point Conception (34.5° N) as the
central region, and southward from Point Conception (32.4° N)
as the southern region (figure 1c). Because each transect was con-
ducted in a perpendicular orientation to the coastline, the stations
farthest offshore along some transects may cross these boundaries.
Onshore and offshore regions were delineated by the 200 m shelf
break isobath. Pteropods were sampled using a 1m diameter
Bongo net with a 333 um mesh net usually towed at a speed of
two to three knots for approximately 30 min. As the upper 100 m
of the water column is pteropod vertical migration habitat [29],
sampling strategy was aimed at vertically integrating the first
100 m of water column. While different pteropod species were
caught, only individuals of L. helicina were preserved and were
subsequently counted and analysed for evidence of dissolution.
To estimate abundance in the upper 100 m, the subsample
(N) was taken from the original sample reporting counts as
depth-integrated abundance (ind m™?) (electronic supplemen-
tary material, table S1). For the purpose of the dissolution study,
only live individuals were preserved in buffered formalin with
pH ~ 8.4, which protected shells from further dissolution; 10 indi-
viduals on average were randomly picked from each preserved
sample where L. helicina individuals were found, usually in the
form of juveniles and subadults ranging in lengths from 0.5 to
2.5mm. The analysed samples contained only forma Limacina
helicina helicina . pacifica, while f. acuta was excluded from analyses
in order to not mix potentially genetically different populations.
Upon visual inspection with a light microscope, we discarded
the shells that were mechanically broken. In the process of shell
preparation (described below), some of the shells are usually
mechanically destroyed or damaged. Those were discarded and
only intact shells were deemed suitable for scanning electron
microscopy (SEM) shell analyses.
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Figure 2. SEM images of shells of the pteropod Limacina helicina helicina
f. pacifica sampled during the 2011 cruise showing signs of in situ dissolution
from (a) an onshore station, with the entire shell affected by dissolution, and
(b) from the offshore region, with only the protoconch (first whorl) affected.
Indicated in the figure are: a, intact surface; b, Type | dissolution; and
¢, severe dissolution (Type II or Type Ill): see Material and methods for
description of dissolution types. (Online version in colour.)

(d) Shell preparation

We used a non-invasive preparation method on preserved
specimens to examine shell surfaces using SEM. A two-step prep-
aration method of dehydration and drying is necessary in order
to not introduce methodological artefacts of shell damage created
by sheer forces under vacuum inside the SEM. Previous work
demonstrated that the chemical treatments do not introduce any
additional shell dissolution [30]. Second, plasma etching was
applied to remove upper organic layers and expose the structural
elements of the shell.

We categorized shell dissolution into three types based on the
depth within the crystalline layer to which dissolution extended,
following Bednarsek et al. [30]. Dissolution characterized by
Type II and Type III damage impacts shell fragility [30], and we
therefore referred to this kind of damage as severe (figure 24).

(e) Statistical analysis

We evaluated whether the fraction of undersaturated waters in
the top 100 m of the water column (as inferred from our model-
based estimation of (2,,) was associated with the incidence of
severe shell damage (Type II or Type III damage) in this natural
habitat of pteropods. At onshore stations where bottom depths
were shallower than 100 m, we estimated the fraction of the total
water column that was undersaturated. We modelled the

probability of observing severe shell damage using logistic
regression where the response variable (severe damage present/
not present) was treated as binomial (coded as 1 and 0, respect-
ively) and the predictor variable (per cent undersaturation of the
water column) was related to the response variable using a logit
link function [43]. We tested whether the model containing the
per cent undersaturation term was a significant improvement
over the null model (intercept only) using a likelihood ratio test
(see equation (3.1) in Results and discussion).

(f) Sensitivity study

We conducted a sensitivity study to evaluate potential differences in
(), between present-day conditions and those assuming DIC levels
corresponding to pre-industrial and future (2050) atmospheric CO,
levels. For pre-industrial and future estimates, we assumed that the
source-water DIC responded to air—sea CO, equilibrium conditions
at the time of its last contact with the atmosphere, following Harris
etal. [14]. Using a modified version of the Feely et al. [11] method for
calculating (2,,, Harris ef al. [14] (see the electronic supplementary
material) calculated anthropogenic contribution to DIC to be
approximately 53 pmol kg~ ' during the summer upwelling time.
To calculate (), values corresponding to pre-industrial DIC levels,
we simply subtracted 53 wmol kg~ ' from our in situ measurements
of DIC and recalculated the carbonate system. This carries the
implicit assumption that source-water alkalinity has been time-
invariant, and that the respiratory modification of TA and DIC
have also been constant over time. We estimated a potential
anthropogenic contribution of 1.19 pmolkg 'yr~' to DIC or
46.4 pmol kg ™! increases in source-water DIC for 2050 based on
an assumed continuation of an increasing trend in North Pacific sur-
face water DIC [44]. This value was added to the 2011 DIC
observations, and the (2, values were calculated from those
values and the 2011 TA. For both pre-industrial and future estimates
of (1,,, we fit linear mixed effects models to predict values across
depths based on CTD temperature and oxygen concentrations.
From the predicted (2,, values, we estimated the percentage of the
top 100 m of the water column that was undersaturated for compari-
son to present-day estimates. The linear mixed effects models of
pre-industrial and 2050 (2, fitted the data well (conditional
1% 0.99 for both models) and exhibited low residual error (RMSE:
0.0013 and 0.0021, respectively).

3. Results and discussion

We collected and analysed samples originating from the
National Oceanographic and Atmospheric Administration
(NOAA) 2011 WCOA cruise, from northern Washington State
to southern California from 11 August to 3 September 2011
(figure 1a). There is a large degree of variability of aragonite
saturation state across regions within the CCE (figure 1c). Co-
varying trends in temperature, salinity, oxygen and carbonate
chemistry determine the depth of the aragonite saturation hor-
izon (£2,, = 1), represented as the depth of the undersaturated
water (figure 1a) and the percentage of water undersaturated
with respect to aragonite in the upper 100 m (figure 1c). To esti-
mate the aragonite saturation state across the full water column,
we used the fitted model to predict {2, at all depths based on
CTD temperature, salinity and oxygen sensor measurements,
from which we calculated the vertically integrated percentage
of undersaturation in the first 100 m based on the depth at
which the aragonite saturation horizon occurred.

The coastal waters of the North American West Coast
experience larger variability in carbonate chemistry as a
result of several interacting processes, including seasonal
upwelling, uptake of anthropogenic CO, and local respiratory
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Figure 3. Proportion of pteropods with severe shell dissolution as a function
of the percentage of the water column in the upper 100 m that is under-
saturated with respect to aragonite. Station locations from figure 1c are
shown with each symbol. The fitted regression line (solid line) and 95%
prediction confidence band (dashed lines) are overlaid.

processes in water masses below the photic zone and nutrient
overloads [45]. The seasonal upwelling along with bathymetric
characteristics, such as wider shelves of the northern and cen-
tral CCE, result in steep (), gradients across short depth
intervals, though the gradients are much less pronounced
over the narrow shelves in the southern CCE (figure 1c).
Along the West Coast, low (2,, occurs in the late spring through
to early autumn months, primarily from the seasonal upwel-
ling of high CO, water from depths of about 80-200 m. By
August, we observed, on average, 30% of the upper 100 m of
the water column to be undersaturated, with a greater percen-
tage of undersaturation occurring onshore relative to offshore
stations (48% versus 13%, respectively; see Material and
methods; figure 1a,c and table 1). The upwelled undersaturated
waters reach their shallowest depths close to the coast [11,14]
and undersaturated waters can exceed 50% of the upper
100 m of the water column (figure 1c). This general spatial pat-
tern was evident throughout most of the CCE, except for
onshore stations south of approximately 34° N that were gener-
ally supersaturated in the top 100 m and differed little from
offshore stations (figure 1c; electronic supplementary material,
figure S1). Electronic supplementary material, figure S1, shows
the station-by-station profiles of (2,, with depth. In the northern
and central onshore CCE stations (stations 6, 13, 14, 15, 28, 29,
57, 65, 87 and 95), the aragonite saturation horizon is located
within the upper 20-50m, while in the offshore stations
(stations 21, 31 37, 57, 61 and 69), this occurs at about 80 m or
deeper. Southern CCE offshore stations are similar to the north-
ern and central offshore CCE stations in that the depth of
undersaturation generally occurs below 80 m (stations 73 and
75), while in the southern onshore CCE stations, supersaturated
conditions persist throughout the shallow water column (elec-
tronic supplementary material, figure S1), consistent with the
Alin ef al. [17] time-series results.

At the investigated stations, depth-integrated pteropod
abundance and dissolution were determined. Pteropod
populations show a considerable degree of regional variability
in abundance, with depth-integrated abundances increasing
from the southern part of the northern stations (see

Table 1. Mean percentage of the water column that was undersaturated [}

with respect to aragonite and mean proportion of individuals with severe
shell dissolution across all stations sampled during the 2011 West Coast
survey under present-day conditions (2011) and assuming reductions (pre-
industrial) and increases (2050) to in situ measurements of DIC. (The
relationship estimated in figure 3 was used to estimate the probability of
observing severe shell damage under in situ DIC concentrations measured in
August 2011. Proportions were converted to percentages for clarity.)

pre-industrial 2011 2050

percentage of undersaturated water (100 m)

s . g
<200 m
o epfh ,,,,,,,,,,, S o 6
> 200 m
- proportlon e
<200 m
o epfh ,,,,,,,,,,,, o L o

> 200 m

classifications of regions in Material and methods) to central
onshore stations, where they can reach up to 14000 ind m 2
(electronic supplementary material, table S1). Although the
sampled stations were biased towards onshore stations,
L. helicina was often present in high numbers in the offshore
stations, as previously reported by Mackas & Galbraith [29].

In situ shell dissolution of L. helicina was the predominant
feature observed in the live samples collected with a 333 pm
mesh Bongo net at the peak of summer upwelling in August
2011. Shell dissolution was examined and demonstrated on
preserved specimens using SEM after initial steps of dehy-
dration and chemical drying. We observed shell dissolution
at 14 out of 17 sites, i.e. 82% of all the investigated stations
sampled along the CCE. The signatures of dissolution
ranged from increased porosity and upper crystalline layer
erosion (Type I) to severe types of dissolution affecting
lower crystalline layers (Type II and Type III; see Material
and methods). The latter dissolution types were considered
severe as shell integrity was compromised and a fragile
shell is more prone to damage (figure 2a).

Shell dissolution of L. helicina closely corresponded to car-
bonate chemistry conditions. We observed a strong positive
relationship between the proportion of pteropods with
severe dissolution and the percentage of undersaturated habi-
tat in the top 100 m of the water column (log likelihood ratio
test: L=23.1, d.f. =1, p <0.001; figure 3). The fitted model
(original response scale) took the form

@3:67(£0.82)x ~1.66:£0.40

Y = I 3 67( 082~ 1662040 / 3.1)

where y is the proportion of individuals with severe shell dis-
solution, and x is the percentage of undersaturated waters in
the top 100 m.

At stations where none of the top 100 m of the water
column was undersaturated, almost no evidence of severe
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dissolution was present (with the exception of station 21
where undersaturation started at 111 m). By contrast, higher
percentages of water column undersaturation corresponded
to an increase in the proportion of individuals with severe
dissolution (figure 3), making this habitat less favourable
for pteropods as it increases the tendency of their shell dissol-
ution. Consequently, with further shoaling of the depth of
undersaturation in the upper 100 m, pteropod vertical habitat
suitability declines. Comparing the stations between offshore
and onshore, we found 53% of onshore individuals and 24%
of offshore individuals on average to have severe dissolution
(table 1). Limacina helicina from onshore regions showed dissol-
ution that was evenly spread over the entire surface of shells
(figure 2a), while in offshore regions only the first whorl (pro-
toconch) showed evidence of dissolution (figure 2b). This
suggests that less corrosive offshore conditions only affected
pteropods during early stages, while prolonged exposure to
more severe undersaturated conditions in onshore regions
resulted in dissolution covering the whole shell.

We used equation (3.1) to predict the proportion of individ-
uals with severe shell dissolution under various proportions
of undersaturated ({2,,< 1) conditions, corresponding to the
pre-industrial era and the years 2011 and 2050 across all
stations in the survey, always referring to the conditions
during the peak of the upwelling season in summer. For pre-
industrial conditions, we assumed that the source-water DIC
responded to air—sea CO, differences following Harris et al.
[14], and subtracted 53 wmol kg ~' from our year 2011 in situ
DIC measurements. For the year 2050, the calculated
46 pmol kg~ ! increase in source-water DIC was based on an
assumed continuation of an increasing trend in DIC in north
Pacific surface water [44], which is consistent with the recent
modelling results for this region [12,13].

Our estimates suggest a naturally occurring baseline of
severe shell dissolution in approximately 20% of pteropod
individuals in the CCE during the upwelling season under
pre-industrial conditions. However, relative to pre-industrial
CO, concentrations, the modern volume of undersaturated
waters in the top 100 m of the water column has increased
over sixfold along the CCE (figure 1b,c and table 1). Increased
occurrence of undersaturated waters in 2011 is thus thought to
correspond to higher severe shell dissolution relative to pre-
industrial conditions, especially in the onshore regions of the
CCE during the upwelling season. Onshore, 53% of pteropod
individuals on average were affected by severe shell dissol-
ution in August 2011; more than double the proportion
calculated for the pre-industrial era (table 1). With the pro-
jected increase in anthropogenic CO, uptake by 2050 (see
sensitivity study in Material and methods), we estimate that
72% of the top 100 m water column in onshore stations will
be undersaturated. Our undersaturation-dissolution model
suggests that progressive shoaling of the aragonite undersa-
turation horizon may result in 70% of individuals being
affected by severe shell dissolution in 2050, or about a tripling
of severe damage relative to the pre-industrial era throughout
most of the coastal region (table 1).

Significant increases in vertical and spatial extent of con-
ditions favouring pteropod shell dissolution are expected to
make this habitat potentially unsuitable for pteropods.
Although pteropods have been exposed to high CO, from sea-
sonally persistent upwelling through evolution, we have not
found any evidence of resilience to counteract the scale of dis-
solution observed currently. While dissolution in juvenile

bivalves has been a significant factor for increased mortality
[46], the link between undersaturation and dissolution-driven
mortality in pteropods has not been directly confirmed. How-
ever, with the occurrence of high CO,, increased dissolution
combined with increased frailty [30-32,47] might compromise
shell integrity to the extent where indirect effects of bacterial
infection and acid-base balance would induce increased
acute mortality [46]. The first bottleneck would primarily
affect veligers and larvae, life stages where complete shell
dissolution in the larvae can occur within two weeks upon
exposure to undersaturation [48]. The lack of shell would
lessen an individual’s defence against predators, and the
shell also plays an essential role in feeding, buoyancy control
and pH regulation [49]. The shell is of particular importance
later during the reproductive stage, when sperm are exchanged
between individuals and need to be stored before fertilizing an
egg [21], thus shell compromised by dissolution may hinder
reproductive success.

Besides mechanistic explanations for dissolution-driven
mortality, higher energy expenditure can come at a cost to
the individual’s energy budget, although this is also dependent
on food availability and life stage [32,50]. Undersaturated con-
ditions are known to elicit repair-calcification and changes in
metabolic processes [51-53], with potentially long-term
implications for growth, fecundity and fitness [54]. Evidence
suggests that exceeding an individual’s energy budget can
change a pteropod’s swimming behaviour, reduce their wing
beat frequency and cause increased mortality owing to
combined exposure to lower pH and salinity [55].

Therefore, the recent observed decline in L. helicina popu-
lations on the continental shelf of Vancouver Island [29],
where we demonstrated high occurrence of severe shell dissol-
ution, calls for more in-depth characterization of possible
dissolution-related mortality [46]. Given the multitude of bio-
logical processes at important pteropod life stages that are
potentially affected by increased shell dissolution, we suggest
that dissolution provides an insight as a potential causal path-
way for the observed pteropod decline. On the other hand, no
population decline has been detected in the southern CCE [56],
where our data indicate that extensive dissolution is lacking
and reflect predominantly supersaturated conditions in com-
parison with the northern CCE, which is not specific only for
this cruise survey period.

Biogeochemically, increased dissolution will reduce the
ballasting effect of settling particles [57] and downward
carbon fluxes [58] but increase TA in the upper water column
[7]. By 2050, tripling in the costal regions of pteropod shell dis-
solution is expected to drive twice as much CaCO; dissolution,
with potentially significant increases in TA within the upper
water column. Use of pteropods as a sentinel species can
prove to be indispensable for understanding future changes
in the ocean carbon chemistry.

The decline of suitable habitat and demonstrable dissol-
ution of biogenic carbonates as a response to the changes in
the CCE is expected to have large and profound implications
for the long-term biological and biogeochemical effects
of CO, in the coastal waters of the Pacific northwest
[12,13,20,59]. Dissolution impacts observed along the CCE
are much more extensive spatially than previously reported
for the Southern Ocean pteropods [31] and represent a
baseline for future observations, where pteropod shell
dissolution observations could have direct implications for
understanding broader scale OA effects.
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4. Conclusion

The highly productive CCE region provides an environment
where L. helicina can occasionally reach high abundances [26],
both offshore [29] and onshore. Prevalence of juveniles indi-
cate coastal regions to also be their reproductive habitats
(electronic supplementary material, table S1). This makes
CCE a core habitat for sustainability of pteropod population,
reflecting their importance in food webs as well as the
regional biogeochemical carbonate cycle in the coastal
waters of the CCE. However, these new results are among
the first clearly indicating a direction towards declining
habitat suitability for pteropods in the natural environment
of the CCE owing to OA. This study demonstrates a strong
positive relationship between the proportion of pteropods
affected by severe dissolution and the percentage of under-
saturated water in the upper 100 m of the water column.

Our estimates suggest that the incidence of severe shell
dissolution has already more than doubled relative to pre-
industrial conditions and could increase to as much as 70%
by 2050 along the northern and central onshore CCE. While
pteropod populations might still thrive in offshore regions in
the near future, continuous reduction of habitat availability
in the onshore shelf regions will put pteropods at risk, with
strong implications for their sustainability.
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