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Increasing atmospheric CO2 , cold water temperatures, respiration, and freshwater
inputs all contribute to enhanced acidification in Arctic waters. However, ecosystem
effects of ocean acidification (derived from anthropogenic and/or natural sources) in the
Arctic Ocean are highly uncertain. Zooplankton samples and oceanographic data were
collected in August 2012–2014 and again in August 2017 to investigate the pelagic sea
snail, Limacina helicina, a biological indicator of the presence and potential impact of
acidified waters in the Canadian Beaufort Sea. Between 2012 and 2014 L. helicina
abundance ranged from <1 to 1942 Ind. m−2 , with highest abundances occurring
at stations on the Canadian Beaufort Shelf in 2012. The majority of individuals (66%)
were located between 25 and 100 m depth, corresponding to upper halocline water
of Pacific origin. In both 2014 and 2017, >85% of L. helicina assessed (n = 134)
from the Amundsen Gulf region displayed shell dissolution and advanced levels of
dissolution occurred at all stations. The severity of dissolution was not significantly
different between 2014 and 2017 despite the presence of larger individuals that are less
prone to dissolution, and higher food availability that can provide some physiological
benefits in 2014. Corrosive water conditions were not widespread in the Amundsen
Gulf at the time of sampling in 2017, and aragonite undersaturation (ar < 1) occurred
primarily at depths >150 m. The majority of dissolution was observed on the first whorl
of the shells strongly indicating that damage was initiated during the larval stage of
growth in May or early June when sea ice is still present. Evidence of shell modification
was present in 2014, likely supported by abundant food availability in 2014 relative to
2017. The proportion of damaged L. helicina collected from coastal embayments and
offshore stations is higher than in other Arctic and temperate locations indicating that
exposure to corrosive waters is spatially widespread in the Amundsen Gulf region, and
periods of exposure are extreme enough to impact the majority of the population.
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waters (Fabry et al., 2009; Mathis et al., 2015; Qi et al., 2017;
Cross et al., 2018; Mol et al., 2018). Reductions in saturation
state of halocline waters is occurring off (i.e., Canada Basin)
and on the shelf (i.e., upper halocline) (Miller et al., 2014; Qi
et al., 2017; AMAP, 2018; Cross et al., 2018; Mol et al., 2018)
and increases in upwelling are expected to enhance localized and
periodic undersaturation events as the halocline waters mix with
and displace supersaturated surface waters (Mathis et al., 2012,
2015; Qi et al., 2017; Mol et al., 2018).
Given the current state of ocean acidification in Arctic waters,
and expected declines in aragonite saturation, the objectives of
this study were to, (1) identify the distribution of L. helicina, in
offshore habitats of the Canadian Beaufort Sea and in coastal
embayments of the Amundsen Gulf not previously assessed
and, (2) evaluate the presence and extent of L. helicina shell
dissolution in years with contrasting sea-ice opening (2014 and
2017) to identify potential environmental drivers of the observed
dissolution. Earlier opening of the sea ice could affect multiple
factors relevant to pteropod status including mixing of saturated
and undersaturated waters, as well changes in the timing and
availability of food. This study provides an initial assessment
of the biological impact of acidified waters in the Canadian
Beaufort Sea, comparing effects among different habitats of the
Amundsen Gulf. We hypothesized that highest shell dissolution
would be associated with areas of known upwelling, specifically
Cape Bathurst and Cape Parry in the Anguniaqvia niqiqyuam
Marine Protected Area, because of exposure to low ar .

INTRODUCTION
The intrusion of CO2 into the oceans is supporting the
acidification of waters in regions around the Arctic (AMAP,
2018). Reduced summer sea ice provides a positive feedback
to CO2 uptake as ocean-air gas exchange is enhanced by the
larger areas and longer periods of open water (Cross et al., 2018;
Zhang et al., 2020). Additional factors, including water mass
transport, low water temperatures, upwelling, riverine inflow,
sea ice meltwater, and respiration, contribute to the acidification
process and create regional differences in the extent and duration
of low pH waters (Feely et al., 2008, 2016; Azetsu-Scott et al.,
2010, 2014; Robbins et al., 2013; Qi et al., 2017). Biological effects
of Arctic ocean acidification, derived from anthropogenic and/or
natural sources (IPCC, 2011), are highly uncertain at individual
to ecosystem scales.
With increasing acidity, the saturation state of calcium
carbonate (CaCO3 ) minerals (e.g., aragonite, calcite) decreases
creating suboptimal conditions for the formation and
maintenance of shells. The CaCO3 saturation state () is
the product of calcium and carbonate ion concentrations
divided by the apparent stoichiometric solubility product for
either aragonite or calcite (Feely et al., 2008). The calcium ion
concentration is estimated from the salinity, and the carbonate
ion concentration is calculated from measurements of the
dissolved inorganic carbon (DIC) and total alkalinity (TA).
With increased exposure to undersaturated conditions, physical
damage (e.g., shell dissolution) as well as physiological costs,
may impact feeding, growth or reproduction (Kroeker et al.,
2013; Bednaršek et al., 2017a) of a variety of benthic and pelagic
calcifying species and fish of high-latitudinal habitats, such as red
king and Tanner crabs (Long et al., 2013), bivalves (Klok et al.,
2014), and salmon (Ou et al., 2015; Williams et al., 2019).
The planktonic sea snail, Limacina helicina, is the most
common shelled pteropod in arctic waters. This genus is found
in all oceans, and is particularly abundant at high-latitudes
(Bednaršek et al., 2012a). It produces an external aragonite
shell (Bednaršek et al., 2012a). Aragonite is a metastable
polymorph of calcium carbonate that is 1.5 times more soluble
in seawater than are shells secreted from calcite (Fabry et al.,
2008). Consequently, L. helicina is sensitive to dissolution under
corrosive conditions and is a sensitive indicator of the presence
and impacts of acidified water. In corrosive waters (ar < 1
∼1.5 for pteropods; Bednaršek et al., 2019), L. helicina can
be affected by varying degrees of shell dissolution (Bednaršek
et al., 2012b) with concurrent declines in calcification (Comeau
et al., 2010), decreases in growth (Lischka et al., 2011; Gardner
et al., 2018) and, increased mortality (Busch et al., 2014;
Bednaršek et al., 2017a).
Limacina helicina is known to occur on the Canadian Beaufort
Shelf and in the Amundsen Gulf during the open-water period
(Darnis et al., 2008; Walkusz et al., 2013). In this study L. helicina
was selected as a biological indicator of ocean acidification
in the Canadian Beaufort Sea. This region has relatively low
ar compared to other ocean regions due to colder water
temperatures and regional circulation patterns, especially the
inflow of naturally corrosive, undersaturated Pacific halocline
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MATERIALS AND METHODS
Study Area
Sampling locations varied between years due to sea-ice conditions
and program priorities. Sampling on the Canadian Beaufort
Shelf extended to slope waters in 2012 and to the west side
of Banks Island in 2014 (Figure 1). In the Amundsen Gulf,
sampling extended eastward to Dolphin and Union Strait and
five different embayments were sampled (Franklin, Darnley, Wise
and Walker bays, and Minto Inlet). Water depth in embayments
(i.e., Minto Inlet and Franklin Bay) approaches 300 m in deep
channels whereas water depth reaches over 600 m in the central
basin of the Amundsen Gulf (Figure 1). The water column of
the study area is stratified and dominated by three main layers
depending on station location. Generally, at the time of the study,
the nutrient-depleted surface Polar mixed layer (Salinity < 31.6;
ca. 0–50 m depth) lays over the nutrient rich Pacific halocline
(32.4 < Salinity > 33.1; ca. 50–200 m), and the warm Atlantic
layer (Salinity > 34) is located at depths >200 m (Carmack
and MacDonald, 2002). The water layers are influenced by
dynamic physical oceanographic processes including cross-shelf
and localized upwelling and eddies (Williams and Carmack, 2008;
Sévigny et al., 2015; Kirillov et al., 2016) as well as seasonally
variable inflow of the Mackenzie River.
Shell dissolution results are compared among three areas
(Figure 1) with different oceanographic conditions, (1) the
recurrent upwelling areas of Cape Bathurst (CPB transect) and
Cape Parry (CPY transect), (2) Dolphin and Union Strait (DOL
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FIGURE 1 | Upwelling, embayment and gateway transects sampled in 2014 and 2017 to assess pteropod shell dissolution in the Amundsen Gulf.

each station, physical oceanographic data (salinity, temperature,
and dissolved oxygen) were collected with a rosette-mounted
Seabird SBE-25 CTD and averaged over 1 m intervals. Herein we
provide chlorophyll a (chl a) concentrations from 2014 to 2017,
corresponding to the years of shell dissolution analyses. Total chl
a was determined from discrete water samples collected with the
rosette. Duplicate chl a subsamples were filtered onto 25-mm
Whatman GF/F filters and extracted for 24 h in 90% acetone at
4◦ C in the dark, for fluorometric determination (10AU Turner
Designs fluorometer), according to Parsons et al. (1984).
Sampling for DIC and TA occurred in 2017 only. DIC and
TA samples were collected from the rosette in 250 ml borosilicate
glass bottles and preserved with mercuric chloride following the
best practices (Dickson et al., 2007). The DIC was determined
using gas extraction and a coulometric titration with photometric
endpoint detection (Johnson et al., 1985). The TA was measured
by open-cell potentiometric titration with a full curve Gran endpoint determination (Haradsson et al., 1997). All measurements
were calibrated using Certified Reference Material supplied by
A. Dickson, Scripps Institute of Oceanography. Precision of
measurements for DIC and TA was better than 0.1 and 0.2%,
respectively. The saturation state of seawater with respect to
aragonite was calculated from the DIC and TA measurements

and DUS transects), an oceanographic gateway between the
Amundsen Gulf and the Coronation Gulf of the Kitikmeot
region, and, (3) small embayments of Amundsen Gulf (Wise
(WIS transect) and Walker Bay (WLK transect), and Minto Inlet
(MNT and MTI transects) that have a semi-distinct circulation
relative to the central gulf. During the ice-covered period,
the upwelling and gateway areas are generally covered with
seasonal pack ice whereas the small embayments are covered with
seasonal land-fast ice.

Sampling and Analyses
From 2012 to 2014 sampling was conducted as part of the
Beaufort Regional Environmental Assessment Marine Fishes
program (BREA-MFP) and in 2017 work continued as part of
the Canadian Beaufort Sea-Marine Ecosystem Assessment (CBSMEA) program. In all years sampling occurred between the first
week of August and mid-September. During this period there
is no polar night (complete darkness). Twilight illumination
increases at the end of August with daylight decreasing to ca. 13 h
by mid-September.
Zooplankton sampling and CTD casts were conducted in
all years along transects that ranged in depth from 20 m to a
maximum of 1020 m on the lower slope of the Beaufort Shelf. At
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[DOO, last day sea-ice concentration drops below 80% before
the first summer minimum (Peng et al., 2018); data from the
Canadian Ice Service] occurred during the week following June
2nd and July 7th at Cape Bathurst and Minto Inlet, respectively.
In 2017 the DOO was earlier relative to 2014, occurring during
the week following May 8th and June 26th at the same respective
locations. The sea-ice loss period occurs over a period of weeks
in the Dolphin and Union Strait area, with bands of fractured
ice persisting in the area. In contrast to Cape Bathurst and
Minto Inlet, the DOO was slighter earlier in 2014 relative
to 2017, estimated for the week following May 19 and May
29, respectively.
The water masses in Amundsen Gulf, that set the general
physical and geochemical conditions, mostly originate from
outside the gulf. The three dominant water masses (polar mixed
layer, Pacific halocline and Atlantic layer) were present in each
of the three areas where shell dissolution was assessed, and the
water column structure was generally similar in 2014 and 2017
(Figure 2). Deeper waters flow in to the gulf, and extend into
the embayments, from the Beaufort continental slope, and from
the offshore Beaufort Gyre. The Atlantic-origin bottom waters
transitioned to Pacific-origin water (Figure 2) around 200 m
depth. The Pacific-origin waters included Pacific Winter Water,
identified by the temperature minimum (∼−1.3◦ C) at ∼150 m
deep (see Figure 2 at salinity ∼33), and Pacific Summer Water,
identified by the temperature maximum (∼−0.2◦ C) at ∼50 m
deep (see Figure 2 at salinity ∼31).
As is expected for the Arctic Ocean, surface waters in the
three areas were generally freshened due to a combination of
factors including river water input, ice melt, and the advection
and mixing of lower salinity waters. In the Amundsen Gulf, the
direct river inputs are from the relatively small rivers, such as
the Hornaday River that flows into Darnley Bay. The large inflow
from the Mackenzie River can also have a direct influence when
summertime downwelling favorable winds occur on the shelf,
pushing Mackenzie River water to the coast where it rapidly flows
into the Amundsen Gulf in a boundary current. In 2017 surface
water freshening is especially evident at Cape Bathurst (salinity
as low as 26) where Mackenzie River plume waters are more
frequently observed.
In 2017, aragonite saturation in the Amundsen Gulf ranged
from 0.95 to 3.43 (average 1.47) in the surface mixed layer
(0–50 m), 0.69–2.15 (average 1.09) in the Pacific halocline (50–
200 m), and 0.72–1.40 (average 1.10) in waters deeper than
200 m (Figure 3), similar to summer measurements in Shadwick
et al. (2011). Aragonite undersaturation occurred at upwelling,
embayment and gateway stations, with 98% of undersaturated
samples occurring between 100 and 600 m. Aragonite saturation
state, over the entire water column, was correlated to dissolved
oxygen concentrations at Cape Bathurst, Minto Inlet, and
Dolphin and Union Strait (r = 0. 50, p < 0.01).
Chlorophyll a integrated concentrations over the euphotic
zone were, on average, four times higher in 2014 than 2017 at
the stations in the Amundsen Gulf. In the three areas assessed
for dissolution, integrated euphotic zone (maximum 100 m
depth) chl a concentrations averaged 54.1 ± 35.5 mg m−2 and
14.1 ± 2.2 mg m−2 in 2014 and 2017, respectively. In 2014,

with the CO2SYS program (Lewis and Wallace, 1998) using the
dissociation constants of Lueker et al. (2000) and the boron
constant of Lee et al. (2010).
The vertical distribution of L. helicina was determined from
zooplankton taxonomy samples (2012–2014, 2017) collected with
a HYDRO-BIOS MultiNet, type Midi (0.25 m2 aperture, 150 µm
mesh) deployed to within 10 m of the bottom. All zooplankton
sampling was conducted during the daytime hours, ca. 7 am to
6 pm local time. The net was hauled vertically and programmed
to collect stratified samples from a maximum of five depth strata.
Targeted strata were generally 0–25 m, 25–50 m, 50–100 m, 100–
200 m, and >200 m. Samples from each depth stratum were
preserved in a 4% buffered formaldehyde solution in seawater.
Samples processed in the lab were split using a Folsom splitter
(2012, Fisheries and Oceans Canada, Freshwater Institute) or
beaker method (2013, 2014, Van Guelpen et al., 1982, Huntsman
Marine Institute). L. helicina was identified from splits containing
ca. 300 individuals or from larger fractions when rare. From
the 2017 CBS-MEA zooplankton samples, only select stations
from CPB, MTI and DUS transects were analyzed to inform
the three oceanographic areas identified for shell dissolution
comparisons (Figure 1). Abundances presented as Ind. m−2 have
been integrated over the entire water column, to the maximum
sampling depth at each station.
In 2014 and 2017, L. helicina was opportunistically collected
from MultiNet or oblique Bongo net (500 µm mesh) tows at
stations within the three focal areas. Individual specimens were
carefully picked, without magnification, from fresh samples for
dissolution analyses. The individual L. helicina were rinsed with
fresh water to remove salts and stored frozen at −80◦ C until
analysis. Such preservation eliminated any potential of shell
dissolution during the storage.
Limacina helicina shell dissolution was assessed by scanning
electron microscopy (SEM). Shells were prepared for SEM
analysis by, (i) removal of abiogenic crystals from the shell
surface, (ii) dehydration, (iii) mounting on the SEM stub,
(iv) removal of the organic layer, and (v) sputter coating.
Detailed procedures are provided in Bednaršek et al. (2012b),
noting that a longer period (ca. 25 min versus 15–20 min)
was needed to remove the organic layer from the larger
individuals collected in the Amundsen Gulf. SEM images of
shell microstructure were taken across the entire shell and a
stage of dissolution [no dissolution, Type I, II, or III (Table 1)]
was assigned to each individual based on the extent of pitting,
cracks, and/or areas where aragonite crystals were absent,
porous or dissolved. Shell size and the distribution of shell
damage were recorded. Descriptions of each dissolution category
and associated saturation condition from other studies are
summarized in Table 1.

RESULTS
Environmental Conditions
There was at most a 1-month time difference in the start of
sea-ice opening during the years when shell dissolution was
assessed (2014 and 2017). In 2014 the day of sea-ice opening
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TABLE 1 | Descriptive features of pteropod shell dissolution stages and associated saturation conditions as described in Bednaršek et al. (2012b).
Dissolution Type

Shell Dissolution Features

Saturation Conditions

Type I

• First indices of slightly increased porosity
• Aragonite crystals within the upper-prismatic layer affected by
dissolution. ‘Cauliflower heads’ present

• In a small extent present in the natural environment
• Widespread at decreased ar supersaturation

Type II

• Increased porosity
• Dissolved patches more extensive and numerous
• Prismatic layer partially or completely dissolved;
crossed-lamellar layer exposed

• In small extent present at transitional saturation states; more
common in undersaturated conditions

Type III

• Less compact crystal structure with compromised shell integrity
and extreme frailness
• Dissolution within crossed-lamellar layer with crystals thicker
and chunkier

• At transitional ar conditions; larger, more extensive patches in
ar undersaturated conditions, particularly with increased time
of exposure

FIGURE 2 | Temperature-salinity plots for pteropod shell dissolution focal areas in the Amundsen Gulf in 2014 and 2017. Embayments include Wise and Walker
bays, and Minto Inlet in 2014 and Minto Inlet in 2017.

the highest chl a concentrations occurred in the embayments,
reaching 144.5 mg m−2 in Wise Bay. Primary production
contributed to the observed ar supersaturation in the surface
waters at the time of sampling and given that maximum values
of ar correspond with peak summer open-water phytoplankton
concentrations in Amundsen Gulf (Shadwick et al., 2013), it
is expected that euphotic zone ar would have been higher
in August/September 2014 than measured in August/September
2017 (Figure 3).

highest number of individuals in 2012 (water column integrated
abundance, maximum 1942 Ind. m−2 ). However, they were not
found or occurred at abundances ≤5 Ind. m−2 during repeat
sampling on the shelf in 2014. In the Amundsen Gulf, L. helicina
was found primarily in surface waters (86% of individuals in
0–25 m strata) of offshore stations in 2013, whereas they were
more broadly distributed in 2014 (Figure 4). In 2017, L. helicina
abundance ranged from 0 to 625 Ind. m−2 at select stations from
the Cape Bathurst, Minto Inlet and Dolphin and Union Strait
transects (Figure 3), with the majority of individuals distributed
between the 50–100 m (52 ± 35%) and the 100–200 m (32 ± 22%)
depth strata. The abundance of L. helicina in 2017 was not
correlated to ar but was weakly correlated to dissolved oxygen
concentrations (Kendall’s τ = 0.37, p = 0.01).

Limacina helicina Distribution
The abundance and distribution of L. helicina varied spatially
and between years (2012–2014) on the Beaufort Shelf and in
the Amundsen Gulf (Figure 4). These pteropods were found
in all small embayments, i.e., Wise and Walker bays and
Minto Inlet, sampled for the first time, indicating that this
species is widely distributed in near-shore as well as offshore
areas of the Canadian Beaufort Sea. Shelf waters contained the
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Shell Size and Growth Pattern
The diameter of individuals assessed for shell dissolution
averaged 932.2 ± 469.8 µm in 2014 and 732.1 ± 357.7 µm
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FIGURE 3 | Aragonite saturation (Omega) and Limacina helicina abundance (Ind. m−3 ) at Cape Bathurst (CPB), Dolphin and Union Strait (DUS), and Minto Inlet (MTI)
in 2017. Sections correspond to 2017 transects in Figure 1, running from the SW to NE.

developing into the juveniles that were found in the August–
September period.

in 2017. There was no significant difference in the size of
individuals collected in August versus September suggesting
limited growth during the study period (Figure 5). Among the
individuals assessed for shell dissolution, there were two size
classes present. Firstly, the majority of individuals was between
500 and 700 µm in size and can be considered juveniles, and
secondly, adult individuals ≥1000 µm that were present in small
numbers compared to the juveniles. The low numbers of adults
present (<10% of examined individuals) during the August to
September sampling period in 2014 and 2017, indicates that the
peak of adults was probably earlier in the spring with spawning
occurring in May–June, just prior to or at the time of sea-ice
melt/break-up. A May/June spawning is consistent with larvae

Frontiers in Marine Science | www.frontiersin.org

Shell Dissolution
In both years, every individual assessed displayed some level
of shell dissolution indicative of decreased supersaturation or
undersaturated ar conditions. Levels of dissolution (Table 1)
were similar in 2014 (Type I 17%, Type II 13%, Type III
70%) and 2017 (Type I 10.5%, Type II 18.5%, Type III
71%) (Figure 6). There were no individuals detected without
shell dissolution but the shells were not entirely covered with
dissolution damage; rather spots of the various Type I–III
dissolutions were observed in discrete locations on the shells
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FIGURE 4 | Distribution of Limacina helicina on the Beaufort shelf and in the Amundsen Gulf, 2012–2014 (sampling depth integrated abundance indicated by circles,
Ind m−2 ). Inset table shows the distribution (%) of Limacina helicina present in sampled depth strata, all stations combined within a year.

(Figure 7). The high percentage of Type III dissolution indicates
a very high incidence of the most severe dissolution present.
The ratio of shells with dissolution linked to undersaturated
(ar < 1) conditions (i.e., Type II + Type III) was not
significantly different between years (Wilcoxon, p = 0.4) and
the extent of shell dissolution did not significantly vary
between the upwelling (n = 41), embayment (n = 60), or
Dolphin and Union Strait gateway (n = 33) areas (Kruskal–
Wallis, p = 0.4–0.7; Figure 8). The ratio of individuals
with Type II or Type III dissolution was not significantly
correlated to ar measured at the time of sampling but the
occurrence of Type II and Type III dissolution did increase
with increasing average salinity (Kendall’s τ = 0.40, p = 0.02).

Frontiers in Marine Science | www.frontiersin.org

Higher average salinity was found in the Pacific and Atlantic
layers, relative to the surface polar mixed layer, corresponding
to the seasonal occurrence of undersaturated ar conditions in
the deeper layers.
For the 2014 sampling period, the majority of the most intense
shell dissolution (Type III) occurred in Walker Bay (93% of
individuals) followed by similar dissolution rates in Minto Inlet
(80% of individuals) and Dolphin and Union Strait (83% of
individuals), whereas only 40% of individuals from Cape Parry
showed Type III dissolution. In 2014 the most severe dissolution
occurred for samples collected between 25 and 80 m depth, and
several individuals from Minto Inlet and Dolphin and Union
Strait, collected from >150 m, also exhibited Type III dissolution.
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In 2014 there was evidence of shell structural modification
in the adults, but not in juveniles (Figure 9). Shell modification
was focused around the first whorl, and was evident as a
crystalline regrowth overlaid on surface areas of dissolution.
This structural modification in the shape of crystalline regrowth
was unstructured and homogenous, and in this, distinctively
different than the typical prismatic and underlying cross-lamellar
microstructure of pteropod shells (Sato-Okoshi et al., 2010). Shell
modification was evident on few individuals, in particular where
the shell dissolution was most severe, and not across all the
adults. In 2017, there was no or extremely limited evidence of
shell modification, again only in the adult group, indicating some
plastic responses in adults, but not in the juveniles.

DISCUSSION
Abundance and Growth of the Pteropod
Limacina helicina
Limacina helicina was widely distributed across the study
area including coastal embayments. Although the occurrence
of dissolution was severe and consistent in 2014 and 2017,
L. helicina abundance was variable between years (Figure 4).
Highest abundance was observed on the Beaufort shelf (1948 Ind.
m−2 ) within the range previously observed during crossshelf transects in the same region (0 to >10,000 Ind. m−2 ,
Walkusz et al., 2010; Smoot and Hopcroft, 2017). Abundances
measured in the Amundsen Gulf were similar to later season
(September/October) sampling reported by Darnis et al. (2008).
Abundances recorded on the Beaufort shelf are among the
highest recorded since the 1950s (Bednaršek et al., 2012a),
identifying the Beaufort Sea as an important pteropod hotspot
across all ocean regions. Despite the sensitivity of polar waters
to ocean acidification, dense populations of Limacina spp. also
occur in Antarctic waters (e.g., Bednaršek et al., 2012c; Nishizawa
et al., 2016) and it is evident that L. helicina life history is well
adapted to the short productive season on Arctic shelves.
Limacina helicina abundance was not correlated with
aragonite saturation (ar ) at the time of sampling in 2017,
and further comparative studies are needed to adequately assess
population level responses to annual acidification conditions
in the Beaufort Sea. Hypoxia or oxygen minimum zones
(dissolved oxygen < 3.5 ml l−1 ) have not been detected
in the study area suggesting that the positive correlation
between L. helicina abundance and dissolved oxygen may
be a result of food web linkages between zooplankton and
primary producers. During the study period, L. helicina was
distributed primarily in the upper 50 m of the water column
(Figure 4) where a subsurface chl a maximum is usually
located shortly after ice break up, and persists at lower
concentrations under post-bloom conditions (Martin et al.,
2010). Chlorophyll a integrated concentrations over the euphotic
zone were, on average, four-times higher in 2014 than 2017
at the stations in the Amundsen Gulf. Oceanographic and
sea-ice conditions, and shelf upwelling can drive interannual
variations in primary production of this order of magnitude
in the Canadian Beaufort Sea, with cascading impacts on

FIGURE 5 | Limacina helicina size range of individuals collected during August
(n = 40) and September (n = 98) sampling dates. 2014 and 2017 samples are
combined.

In 2017 the highest occurrence of Type III dissolution
(93% of individuals) was found at stations along the Cape
Bathurst transect, followed by Dolphin and Union Strait (63% of
individuals) and Minto Inlet (70% individuals) stations. General
trends for Type II and Type III dissolution seem to indicate
more dissolved shells in the inlets/nearshore areas, with a gradual
decrease in dissolution intensity with increasing distance from
shore. Similar to 2014, water depths ca. 25–50 m had the highest
occurrence of Type II and Type III dissolution although stations
along the Dolphin and Union Strait transect had the majority (12
of 18 individuals) of Type III dissolution at depths >100 m.

Distribution of Shell Dissolution
The most significant extent of shell dissolution damage occurred
on the first whorl (Figure 7) across stations and individuals,
although smaller extents of dissolution were also scattered
around the shell, in particular at the growing edge. The extent
of overall shell dissolution is likely linked to the various degrees
of ar throughout the pteropod life history, with the growing
edge dissolution linked to the most recent ar < 1 conditions.
The most intense shell dissolution on the first whorl most likely
relates to when ar conditions were lower during the period
of sea-ice melt when early life stages were present. Given that
the timing of sea-ice melt likely coincides with the spawning
event, the low ar conditions at the time of spawning would
explain the most extensive dissolution on the larval shell around
the first whorl.
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FIGURE 6 | Limacina helicina dissolution severity in 2014 and 2017. Sample size (n) indicated on each bar.

FIGURE 7 | Scanning Electron Microscope (SEM) image (A) showing the distribution of dissolution on a Limacina helicina shell collected near Cape Bathurst in
2017. In panel (B), damage on the first whorl is shown in greater detail with the squares indicating deeper-protruding Type III dissolution.

food availability to zooplankton grazers (Tremblay et al., 2011).
Despite the higher summer chl a concentrations in 2014,
L. helicina abundance was ca. four times lower in 2014 than
the 2017 stations assessed (Figure 3). However, individuals
were on average larger in 2014 suggesting that the additional
summer resources supported enhanced growth but the later
ice opening in 2014 may have impeded recruitment, possibly
due to a timing mismatch between critical life stages and
needed resources.
Growth estimates suggest that L. helicina in Amundsen Gulf
likely spawned in May or June, coinciding with the sea-ice
algal bloom (Riedel et al., 2008; Różańska et al., 2009) and
possible onset of an under-ice or ice-edge phytoplankton bloom
in June (Mundy et al., 2009), or early phytoplankton bloom
as observed in years of early sea ice retreat (Sallon et al.,
Frontiers in Marine Science | www.frontiersin.org

2011). The sea-ice algal bloom provides abundant and critical
food (Michel et al., 1996; Kohlbach et al., 2016) to support
high growth rates following spawning in surface waters. The
consumption of ice algae specifically by pteropods has been
identified through food web studies in the high Arctic and in
Antarctica (Kohlbach et al., 2016, 2018). Pteropods are reported
to feed opportunistically, switching from phytoplankton to
mobile prey post-bloom (Gilmer and Harbison, 1991; Pasternak
et al., 2017). Open-water isotopic signatures of L. helicina
from the Beaufort Shelf and Amundsen Gulf indicate pelagic
feeding closely linked to phytoplankton (δ13 C −25.5 ± 0.79
h, δ15 N 9.09 ± 0.8 h; Stasko et al., 2017; A. Ehrman
unpublished data), in agreement with evidence of an efficient
transfer from primary producers to pelagic grazers in this
region (Forest et al., 2011; Sallon et al., 2011). Around Cape
9
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FIGURE 8 | Distribution and extent of Limacina helicina shell dissolution (Type I, II, or III) in the Amundsen Gulf. 2014 and 2017 data are combined for upwelling,
embayment and gateway areas.

FIGURE 9 | Shell modification on adult Limacina helicina collected from Minto Inlet in 2014, (A) observed on recessed area of shell with severe underlying dissolution
of the surface shell layer, (B) the modification on the shell is of crystalline origin, yet it appears unstructured relative to typical pteropod shell microstructure. The white
arrow points to the recessed area (A) and shell modification layer (B).

Parry, L. helicina was trophically positioned more closely
to phytoplankton than the key zooplankton grazer, Calanus
hyperboreus (Niemi et al., 2020). It is likely that herbivory
provides the highest quality diet to support L. helicina energy

Frontiers in Marine Science | www.frontiersin.org

requirements and consequently, tolerance to less favorable
(ar < 1) conditions.
The low number and size of adults observed in August
indicates a potential mass adult mortality event after spring
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Gulf are variable due to wind forcing of the ocean. Upwelling
and downwelling is particularly evident at Cape Bathurst where it
is topographically amplified (Williams and Carmack, 2008), and
undersaturated Pacific-origin water can reach the surface during
upwelling events. Due to the large response of the coastal ocean
to wind forcing, synoptic, seasonal and inter-annual variation in
the winds over Amundsen Gulf and the adjacent Beaufort Shelf
and Slope will be strong drivers of coastal conditions, including
salinity, dissolved nutrients and aragonite saturation state.
Flow along the coast, continental shelf and slope has the
potential to move water from far away to the gulf. For example,
surface drifters during a downwelling favorable autumn storm
traveled along the coast from the Canadian Beaufort Shelf to
Darnley Bay in a few days (B. Williams unpublished data).
Therefore, pteropods sampled in Amundsen Gulf could have
been brought to the gulf by surface oceanic flows and thus
conditions experienced on the Beaufort Shelf or slope may have
also contributed to their shell dissolution. Exposure to ar
undersaturated conditions may also be affected by tidal mixing
which has the potential to mix the low-omega, high-nutrient
Pacific-origin water with surface waters in shallow regions where
tidal flows are amplified. In the study area, regions of potential
tidal mixing include the continental shelves on either side of
the mouth of Amundsen Gulf, including Cape Bathurst, as
well as Dolphin and Union Strait (McLaughlin et al., 2004;
Hannah et al., 2009).
Ocean acidification impacts are related to both the magnitude
and duration of ar < 1 exposure in natural environments.
Pteropod responses are likely based on recurring patterns
of exposure, and experimental work suggests that natural
populations can exist near their physiological tolerance limit
(Bednaršek et al., 2017b). From the 1970s to 2010, the aragonite
saturation state has been variable and declining in the upper
halocline and deep waters of the Canada Basin and Beaufort
Sea (Miller et al., 2014; Zhang et al., 2020). Within this period
of decline, an annual (2007–2008) study found that the upper
halocline waters of the Amundsen Gulf, between 50 and 150 m
depth, had ar < 1 conditions for the entire year except for
a short reprieve during June/July (Shadwick et al., 2011). This
seasonal persistence of ar < 1 conditions in the halocline
is similar to seasonal estimates from the Pacific Arctic region
(Cross et al., 2018). In this study, ar conditions (Figure 3) were
similarly distributed as Shadwick et al. (2011), with saturated
conditions occurring in waters <50 m and ar < 1 occurring
in the halocline and Atlantic water masses. This indicates
that ar undersaturated conditions continue to be a persistent
characteristic of the Pacific layer in the Amundsen Gulf and
are the result of both natural and anthropogenic sources for
the increased CO2 and lower aragonite saturation state (Ko and
Quay, 2020; Zhang et al., 2020). Ongoing monitoring is needed
to identify how the saturation state is changing over time and
how susceptible species and life stages in the Amundsen Gulf
will be affected, with respect to physical damage, physiological
impairments, or mortality, by both the magnitude of ar < 1
exposure, and the rate at which ar decreases in coming years.
Although L. helicina was located primarily above 50 m at
the time of sampling (94–98%, Figure 4), it is expected that

spawning. In the study years, the population may have been
comprised of a single cohort that overwinters and has a longevity
of a single year. The life span of L. helicina is location dependent
and has been reported to range from one to over 3 years
(Kobayashi, 1974; Gannefors et al., 2005; Bednaršek et al., 2012c;
Wang et al., 2017). Reliance on the sea-ice algal and spring
phytoplankton blooms, in the oligotrophic Beaufort Sea, may
only support a single cohort which increases the susceptibility of
the population to the effects of ocean acidification. Contingent
on key factors such as stratification and mixing which shape
the response of primary producers to on-going changes (Ardyna
et al., 2011; Blais et al., 2017), the lengthening of the open-water
period due to sea-ice loss and potential increased occurrence
of fall phytoplankton blooms (Ardyna et al., 2014) may benefit
cohort recruitment and population resilience.

Exposure
Spawning in May or June indicates that larval and juvenile
stages are primarily exposed to spring and summer ar
conditions whereas adults are more exposed to ar conditions
at overwintering depths and under the sea ice. In the Amundsen
Gulf, L. helicina occurred primarily in the top 50 m (Figure 4)
comprised of corrosive waters of Pacific origin and Arctic surface
waters freshened by sea-ice melt and Mackenzie River inflow.
This water column habitat is thus susceptible to seasonal and
episodic ar < 1 conditions as well as enhanced acidification
(i.e., lower aragonite undersaturation) from the intrusion of
anthropogenic CO2 via air-sea exchange and lateral transport.
We hypothesized that dissolution would be highest in areas
of upwelling, a known source of undersaturated waters for
shelf environments (Feely et al., 2008; Schulz et al., 2019).
However, the extent of dissolution was not significantly different
between the upwelling, embayment and gateway areas (Figure 8),
with 83% (2014) and 89.5% (2017) of individuals assessed
displaying advanced (Type II or III) shell dissolution. Severe
dissolution occurred at every station, indicating that ar
dissolution thresholds were surpassed across the entire region.
The prevalence of dissolution in the Amundsen Gulf is the
highest reported from the natural environment including all
the high-latitudinal habitats reported so far (Bednaršek et al.,
2012c, 2014). The proportion of individuals affected by ar < 1
conditions in the Amundsen Gulf is significantly higher than
in the Gulf of Alaska or the Bering Sea (Bednaršek et al.,
submitted). Amundsen Gulf Limacina is also more impacted
than those in regions of known change. For example, in the
California Current ecosystem it is estimated that the incidence of
severe shell dissolution due to anthropogenic ocean acidification
has doubled in near shore habitats since pre-industrial times
yet, on average, only 53% of onshore individuals and 24%
of offshore individuals were found to have severe dissolution
damage (Bednaršek et al., 2014).
The extent of dissolution was positively correlated with
salinity, supporting the notion that Pacific-origin waters are a
stronger driver of dissolution than the freshened surface water
with reduced buffering capacity (Yamamoto-Kawai et al., 2009;
Qi et al., 2017; Zhang et al., 2020). Water conditions near the
surface and around the coast (i.e., in embayments) of Amundsen
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L. helicina undergoes diel migrations (Lalli and Gilmer, 1989),
suggesting ar < 1 exposure in the Pacific layer on a daily
basis. This regular exposure could explain dissolution at the
growing edge. The surface mixed layer represents an important
portion of habitat without undersaturated conditions. However,
the surface mixed layer can be below or near ar = 1 for periods
of weeks, in the study area, as biological processes lower ar by
up to 0.3 in the spring and fall (Chierici et al., 2011) and wind
events bring undersaturated waters to the surface episodically.
In the central Arctic Ocean, widespread ar undersaturation of
surface waters is projected within the next decade due to elevated
atmospheric CO2 (Steinacher et al., 2009) and a similar response
to elevated atmospheric CO2 is projected for the Amundsen Gulf
given seasonal warming and freshening as well as lower alkalinity
which limits the region’s capacity to buffer saturation decreases
(Shadwick et al., 2013). Consequently, the surface mixed layer
habitat will likely become increasingly corrosive with respect
to the magnitude and duration of ar < 1, thereby increasing
pteropod exposure over daily and annual cycles.
Severe dissolution on the first whirl (Figure 7B) indicates
that larval pteropods are vulnerable to dissolution, and ar < 1
conditions due to the remineralization of organic matter can
occur when larvae are present in the Amundsen Gulf (Shadwick
et al., 2011). Pteropods may over winter at depths >50 m,
similar to key copepod species in the Amundsen Gulf (Darnis
and Fortier, 2014). Consequently, hatching and metamorphosis
to the juvenile stage could all occur within the undersaturated
Pacific halocline where the corrosive Pacific Winter Water resides
(Qi et al., 2017; Zhang et al., 2020). Recent under-ice sampling
in Darnley Bay, an Amundsen Gulf embayment, measured
ar < 1 near 100 m depth in April, with values 3 m below
the sea ice averaging only 1.2 (B. Williams, unpublished data).
A dissolution threshold of ar = 1.2 has been identified for
pteropods from other ocean regions (Bednaršek et al., 2019).
Although dissolution thresholds have not been experimentally
determined for the Amundsen Gulf, it is possible that the larval
shell with a thinner or incompletely formed organic layer, is
vulnerable to ar > 1 conditions such that seasonal or even shortterm exposure of larvae while at depth, or feeding near the ice,
may affect pteropod recruitment and thus interannual variability
in L. helicina abundance. Annual measurements of ar in the
Pacific halocline and surface mixed layer are needed from the
study area to advance our understanding of seasonal and episodic
occurrences of ar < 1 conditions.

study. More detailed study of the crystalline layer is required to
describe the modifications at the nano- or micro-scale of shell
building. The unstructured and homogenous layer deposited on
the pteropod shells may be similar to reduced crystallographic
control of shell formation observed for mussels grown under
acidification conditions (Fitzer et al., 2016).
Shell modification as a repair mechanism has been previously
documented for L. helicina in Arctic waters, characterized as a
thickening of the shell caused by the deposition of newly formed
aragonite on the inside of the shell (Lischka et al., 2011; Peck
et al., 2016, 2018). In this study it is not possible to determine
the seasonal timing of the shell modification. It could have
occurred during the growth of early life stages, in which case
the structurally homogenous crystalline deposition represents
a plastic repair response to unfavorable conditions (i.e., lower
ar in the spring). Alternatively, it could have deposited under
more favorable conditions later in the summer, in which case the
unstructured layer would qualify as shell regrowth.
The observed shell modification in 2014, and not in 2017,
implies that such deposition is not always feasible and is likely
dependent on suitable environmental conditions (Seibel et al.,
2012). In 2014, summer phytoplankton concentrations may have
provided an adequate, accessible energy source to support shell
modification in the absence of other metabolic costs such as
reproduction. The absence of the unstructured layer on juvenile
shells suggests that energy may have been allocated to growth
rather than repair. The shell modification may confer some
resilience for damaged adults, and as such potentially allows for
higher fitness and better reproductive success.
The shell modification appears to be more of a plastic response
to the external environmental conditions, rather than an adaptive
response. It is evident that the observed depositions on the
first whorl do not constitute a process that would have entirely
eliminated the shell dissolution apparent at the individual or
population level. Given that the shell modification process was
only observed in a few adult individuals at spatially limited
locations (e.g., Minto Inlet), regrowth could be an energetically
expensive process that organisms will not initiate unless the
severity of dissolution is at a critical stage. Nevertheless, under
future conditions with lower aragonite undersaturation, it is
possible that energy devotion to shell modifications may become
more common, or necessary, for survival. If shell modifications
are not possible in juveniles, future decreases in aragonite
undersaturation may lead to death in early life stages with
population and ecosystem consequences.

Shell Modification

Ecosystem Linkages

This study provides evidence of shell modification in adult
individuals sampled in 2014. A homogenous yet unstructured
crystalline layer was deposited in patches over damaged areas
on the surface of only the first whorl (Figure 9). The
shell modification occurred at locations with the most severe
dissolution suggesting that the pteropods may have initiated such
a process to build a more mechanically durable shell by reducing
the porosity or increasing its thickness. Beaufort Sea pteropods
naturally build thinner shells in comparison to those from other
high latitude habitats (Bednaršek et al., submitted), that could
become even thinner under severe dissolution as observed in this
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In the Amundsen Gulf, the prevalence and location of dissolution
on shells identifies Limacina spp. as a sensitive biological
indicator of ar < 1 exposure on a seasonal basis, as proposed
for other ocean regions (Bednaršek et al., 2012b, 2017b). Longer
periods of monitoring are required to use Limacina spp. as a
population-level indicator of anthropogenic ocean acidification
(IPCC, 2011) given that variability in abundance and distribution
is likely related to multiple factors, including the timing of seaice opening. Due to ongoing anthropogenic contributions of
atmospheric CO2 , it is predicted that Arctic L. helicina will
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shells. The timing of sea-ice opening may be a key driver of the
interannual variability in L. helicina abundance. However, sea ice
and resource variability did not appear to affect the wide spread
occurrence and observed severity of dissolution. The seasonal
persistence of ar < 1 in the Pacific layer suggests that this
L. helicina habitat in the Amundsen Gulf is largely corrosive and
populations possibly function near their tolerance level such that
some adult individuals can initiate shell modifications upon the
most severe dissolution conditions if resources are adequate and
available. The energetic balance between shell modification and
growth needs to be better understood to determine the response
of L. helicina populations to variable environmental conditions,
and the follow-on consequences for the ecosystem.
Past occurrence and recent trends in shell dissolution are
not currently known for the Beaufort Shelf or the Amundsen
Gulf. It is expected that dissolution has been augmented by
enhanced acidification over the last 20 years. Changes in Pacific
winter waters are currently driving the rapid expansion (i.e.,
area and depth) of ocean acidification in the western Arctic
Ocean (Qi et al., 2017) and the Canadian Beaufort shelf remains
vulnerable to changes in the volume and freshwater content
of Pacific waters, upwelling of undersaturated waters, as well
as the intrusion of atmospheric CO2 over a lengthening openwater period. Given the ecological importance of L. helicina in
the Canadian Arctic, the inclusion of L. helicina as an indicator
species in offshore and coastal programs will inform the severity
of biological responses to ongoing ocean acidification. The severe
occurrence of dissolution indicates that other vulnerable species
and life stages should also be assessed.

be unable to form shells by the end of the century (IPCC
SRES A2 scenario; Comeau et al., 2012). Tolerances to current
rapid rates of change and cumulative perturbation of marine
ecosystems are not well known such that the future survival
of Limacina spp. is uncertain despite apparent resilience to
perturbations in the Earth’s carbon cycle over evolutionary
timescales (Peijnenburg et al., 2019).
Pteropods contribute significantly to marine biogeochemical
cycling (Pasternak et al., 2017; Buitenhuis et al., 2019) and
are components of zooplankton, fish and seabird diets. On the
Canadian Beaufort Shelf, L. helicina was found to be a small
component of demersal Arctic Cod diets (Majewski et al., 2016),
specifically age one fish (Walkusz et al., 2013). L. helicina can
be a significant part of Pacific Salmon diets, with L. helicina
abundance explaining 30% of the variability of pink salmon
survival in Prince William Sound (Doubleday and Hopcroft,
2015). Dense populations of pteropods in nearshore waters may
provide critical energy for juvenile fish. Recent nearshore fish
collections in Darnley Bay (2018 and 2019) and near Sachs
Harbour (Banks Island, 2018) found Limacina sp. in the stomachs
of Arctic Char (n = 4; <1–13% of diet items), Starry Flounder
(n = 2; 30–93% of diet items) and Greenland Cod (n = 1; 98%
of diet items) (D. McNicholl, unpublished data). These results
provide evidence that that L. helicina are used by Arctic nearshore
fishes with different life histories and feeding strategies. The high
numbers in some stomachs (100–160 individuals) suggest that
Limacina sp. may be available in dense populations for nearshore
fishes in coastal areas of Amundsen Gulf and are consumed,
at minimum, opportunistically. Further studies are needed to
assess nearshore distributions of L. helicina, e.g., the occurrence
of swarms, and the accessibility of pteropods to key life stages of
fishes and other predators.
Limacina helicina, as a model indicator, provides direct
evidence of combined effects of anthropogenic ocean
acidification and other natural processes on aragonite saturation
state in the Amundsen Gulf that surpasses other ocean
regions. An understanding of food web and other ecosystem
consequences (e.g., carbon cycling) requires regional, interannual assessments to determine, among other things, pteropod
recruitment success relative to the aragonite saturation state over
annual cycles. In addition, L. helicina provides a warning for
other biota with life stages and structures sensitive to calcium
carbonate dissolution. Of particular concern is the direct effect
of ocean acidification on larval otoliths of near and off-shore
fishes in the study area, especially Arctic Cod. L. helicina, when
treated as a biological indicator, can be an important component
of monitoring, and modeling wider ecosystem change related to
anthropogenic CO2 intrusion or cumulative effects of changing
atmospheric-ice-ocean interactions.
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