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Understanding the vulnerability of marine calcifiers to ocean acidification is a critical issue,

especially in the Southern Ocean (SO), which is likely to be the one of the first, and

most severely affected regions. Since the industrial revolution, ∼30% of anthropogenic

CO2 has been absorbed by the global oceans. Average surface seawater pH levels

have already decreased by 0.1 and are projected to decline by ∼0.3 by the year

2100. This process, known as ocean acidification (OA), is shallowing the saturation

horizon, which is the depth below which calcium carbonate (CaCO3) dissolves, likely

increasing the vulnerability of many resident marine calcifiers to dissolution. The negative

impact of OA may be seen first in species depositing more soluble CaCO3 mineral

phases such as aragonite and high-Mg calcite (HMC). Ocean warming could further

exacerbate the effects of OA in these particular species. Here we combine a review and

a quantitative meta-analysis to provide an overview of the current state of knowledge

about skeletal mineralogy of major taxonomic groups of SO marine calcifiers and to

make projections about how OA might affect a broad range of SO taxa. We consider a

species’ geographic range, skeletal mineralogy, biological traits, and potential strategies

to overcome OA. The meta-analysis of studies investigating the effects of the OA on a

range of biological responses such as shell state, development and growth rate illustrates

that the response variation is largely dependent on mineralogical composition. Species-

specific responses due to mineralogical composition indicate that taxa with calcitic,

aragonitic, and HMC skeletons, could be at greater risk to expected future carbonate

chemistry alterations, and low-Mg calcite (LMC) species could be mostly resilient to

these changes. Environmental and biological control on the calcification process and/or

Mg content in calcite, biological traits, and physiological processes are also expected to

influence species-specific responses.
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INTRODUCTION

Since the industrial revolution, the concentration of carbon
dioxide (CO2) released to the atmosphere has increased from 280
to above 400µatm due to human activities such as burning of
fossil fuels and deforestation. Approximately 30% of this has been
absorbed by the oceans (Feely et al., 2004). This results in changes
in seawater CO2 chemistry [e.g., oceanic partial pressure of CO2

(pCO2), pH, bicarbonate concentrations ([HCO−
3 ]), calcium

carbonate (CaCO3) saturation state (�)], a process known as
ocean acidification (OA) (Figure 1). In particular, OA induces
an increase in pCO2 and [HCO−

3 ] and a decrease in pH and �,

which is a function of [CO2−
3 ] and calcium ion concentrations

([Ca2+]) expressed as

� = [Ca2+][CO2−
3 ]/Ksp

where Ksp is the solubility product, which depends on the specific
CaCO3 mineral phase, temperature, salinity, and pressure
(Zeebe, 2012).

Surface waters are naturally supersaturated with respect to
carbonate (� > 1), where the highest [CO2−

3 ] is found as a

result of surface photosynthesis. The [CO2−
3 ] decreases, and the

solubility of CaCO3 minerals (such as aragonite) increases, with
depth due to the increased pressure and lower temperature.
Thus, � is greater in shallow, warm waters than in cold
waters and at depth (Feely et al., 2004). Current aragonite
saturation in Southern Ocean (SO) surface waters ranges from
ΩAr of 1.22 to 2.42, compared with values of 3.5 to 4 in the
tropics (Jiang et al., 2015), and varies spatially, e.g., across
ocean basins and with depth, and seasonally. However, OA is
both decreasing saturation levels and shallowing the carbonate
saturation horizon, which is the depth below which CaCO3 can
dissolve (� < 1). This is likely to increase the vulnerability
of CaCO3 sediments and many marine calcifiers (CaCO3

shell/skeleton-building organisms) to dissolution (Haese et al.,
2014). As CaCO3 sediments have important roles in global
biogeochemical cycling and provide suitable habitat for many
marine calcifying species, undersaturated seawater conditions
will lead to unprecedented challenges and alterations to the
function, structure, and distribution of carbonate ecosystems
exposed to these conditions (Andersson et al., 2008).

The processes underlying organisms’ vulnerabilities to OA
have been much discussed between biologists and chemists (e.g.,
Waldbusser et al., 2015, 2016; Cyronak et al., 2016a,b). While
some studies highlight how the energetic cost of calcification
increases with decreasing � (Waldbusser et al., 2016), other
studies indicate that � per se may not always be a good
indicator, and that it is important to consider other components
of carbonate chemistry, and the biocalcification process (Roleda
et al., 2012; Fassbender et al., 2016). For instance, some studies
illustrate that the reduction in seawater pH is the main driver
of changes in calcification rates (the production and deposition
of CaCO3), rather than the reduction in [CO2−

3 ] (Roleda et al.,
2012; Cyronak et al., 2016b), with a projected drop in calcification
rates by 30 to 40% by mid-century due to OA (Kleypas et al.,
1999). Future studies should attempt to tease apart the influence

of � and pH on calcification, which are not mutually exclusive,
to improve our predictions of OA long-term effects in marine
calcifiers.

A number of marine calcifiers, particularly benthic
populations from the tropics and deep waters, are already
exposed to undersaturated conditions with respect to their
species-specific mineralogies (Lebrato et al., 2016). This suggests
these organisms have evolved compensatory physiological
mechanisms to maintain their calcified structures (Lebrato
et al., 2016). This does not mean that all taxa can adapt to
rapid decreases in the �, rather it illustrates the complexity
of taxon-level responses. For instance, SO marine calcifiers
may be particularly sensitive to these changes since the SO is
characterized by a much lower natural variability in surface
ocean [CO2−

3 ] (Conrad and Lovenduski, 2015) relative to
the rate of projected change (Turley et al., 2006). For species
with some biological control over calcification and other
physiological processes, we can expect variation in responses
depending on local adaptation. Species inhabiting coastal areas,
which naturally experience rapid fluctuations in environmental
conditions, compared to the open ocean (e.g., from ice melting,
phytoplankton blooms, corrosive upwelling events), may have a
greater level of resilience and/or adaptation to changes in CO2

exposures (Fassbender et al., 2016; Vargas et al., 2017).
Seawater pH levels have already decreased by 0.1 since∼1850,

and are predicted to decline by ∼0.3 (851–1,370µatm) by the
year 2100 (IPCC, 2014, 2019). The long-term persistence of
calcifying taxa is dependent upon calcification exceeding the
loss of CaCO3 that occurs through breakdown, export, and
dissolution processes (Andersson and Gledhill, 2013). Therefore,
even though species-specific responses to OA are expected, a
tendency toward reduction in overall CaCO3 production at
the local or community level is anticipated (Andersson and
Gledhill, 2013) with potentially adverse implications across
SO ecosystems.

Southern Ocean Acidification
The SO, which covers about 34.8 million km2, is widely
anticipated to be the one of the first, and most severely
affected region from OA due to naturally low levels of CaCO3,
the increased solubility of CO2 at low temperatures, and a
lower buffering capacity (Orr et al., 2005; Fabry et al., 2009).
Thus, understanding the vulnerability of Antarctic marine
calcifiers to OA is a critical issue, particularly in Antarctic
Peninsula, which is also one of the fastest warming areas
on Earth (Vaughan and Marshall, 2003). To establish the
potential threat of OA to SO marine calcifiers, it is crucial to
consider different factors that may influence the vulnerability
of their skeletons to OA. These include interacting factors
(e.g., warming), the local seasonal and spatial variability
in seawater carbon dioxide chemistry, the distribution of
sedimentary CaCO3 (which provides suitable habitat for many
benthic calcifiers), and a range of different phyla and species
with diverse geographic range, skeletal mineralogies, biological
traits, physiological processes, and strategies to compensate for
pH changes.
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FIGURE 1 | Infographic of the ocean acidification process. The anthropogenic CO2 absorbed by the oceans results in an increase in the concentration of hydrogen

ions (H+) and in bicarbonate ions (HCO−

3 ) and a decrease in carbonate ions (CO2−
3 ). The reduction in CO2−

3 is shallowing the carbonate saturation horizons, with

potential impacts on shells and skeletons of marine calcifiers such as foraminifera, corals, echinoderms, molluscs, and bryozoans.

Local Seasonal and Spatial Variability in Seawater

Carbon Dioxide Chemistry
Differences in solar irradiance and temperature, which can
lead to changes in the duration of primary production, modify
seawater CO2 chemistry seasonally, and latitudinally (Takahashi
et al., 2002; Racault et al., 2012; Kapsenberg and Cyronak,
2019). For instance, seawater pH and �Ar increase during
phytoplankton blooms in Austral summer (McNeil et al., 2011;
Kapsenberg et al., 2015). While SO areas with higher primary
productivity could act as spatial refugia, studies are needed to
test whether seasonally high pH may benefit marine calcifiers
(Kapsenberg and Cyronak, 2019).

The depth of the present-day SO Aragonite Saturation
Horizon (ASH) exceeds 1,000m across most of the basin, while
naturally shallower saturation horizons (∼400m) occur in the
core of the Antarctic Circumpolar Current due to upwelling of
CO2-rich deep water (Negrete-García et al., 2019). The Calcite
Saturation Horizon (CSH) is much deeper (>2,000m in some
parts of the SO) than the ASH, since aragonite is more soluble
than calcite (Feely et al., 2004; Barnes and Peck, 2008). It is
thus projected that the ASH will reach surface waters earlier
than the CSH (McNeil and Matear, 2008). In particular, it is
anticipated that aragonite in some SO regions (south of 60◦S) will
be undersaturated by 2050 (Orr et al., 2005; McNeil and Matear,
2008) and that 70% of the SO could be undersaturated by 2100
(Hauri et al., 2016). OA will drive even the least soluble form of
calcium carbonate, calcite, to undersaturation by 2095 in some
SO waters (McNeil and Matear, 2008). However, the depth and

year of emergence of a shallow ASH still vary spatially due to
natural variation in the present-day saturation horizon depth and
in the physical circulation of the SO (Negrete-García et al., 2019).

Aragonite undersaturation in surface waters is projected
initially during the austral winter (Conrad and Lovenduski,
2015; Negrete-García et al., 2019) as the [CO2−

3 ] of surface
waters decrease south of the Polar Front due to the strong
persistent winter winds that promote the upwelling of carbonate-
depleted deep waters (Orr et al., 2005). In addition, lower
temperatures enhance uptake of atmospheric CO2 (Orr et al.,
2005). Specifically, several studies (McNeil and Matear, 2008;
McNeil et al., 2010; Mattsdotter Björk et al., 2014) have projected
that wintertime aragonite undersaturation will occur by 2030
in the latitudinal band between 65 and 70◦S where deep-
water upwelling occurs. Recently, Negrete-García et al. (2019)
considered that the rate of change, and therefore the onset
of aragonite undersaturation, was occurring more rapidly than
previously projected. These forecasted changes imply there will
be a sudden decline in the availability of suitable habitat for
diverse SO taxa such as pteropods, foraminifera, cold-water
corals, and coralline algae in the near-future (Negrete-García
et al., 2019).

Distribution of Carbonate Sediments
The distribution of sedimentary CaCO3 on the Antarctic shelves
displays distinct regional and depth patterns (Hauck et al.,
2012). This is evident from the deposition and preservation
of carbonates in the surface sediments. These are driven by
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the flux of organic matter to the ocean floor (related to
primary production) and its respiration and remineralization
in the sediments, transport of carbonate material by currents,
and � of the water mass above the sediment (Hauck et al.,
2012). In particular, an enhanced flux of organic matter to the
seafloor increases respiration in sediments and alters carbonate
chemistry. CaCO3 content of shelf surface sediments is usually
low, however high values (>15%) of CaCO3 occur at shallow
water depths (150–200m) on the narrow shelves of the eastern
Weddell Sea and at a depth range of 600–900m on the broader
and deeper shelves of the Amundsen, Bellingshausen, and
western Weddell Seas (Hauck et al., 2012).

Regions with high levels of primary production, such as the
Ross Sea and the western Antarctic Peninsula, generally have low
CaCO3 contents in the surface sediments as carbonate produced
by benthic organisms is subsequently dissolved and thus not
preserved. Conversely, carbonate contents of sediments in areas
of low levels of primary productivity reflect the concentration
of planktonic foraminifera that are especially abundant in sea
ice (Hauck et al., 2012). As carbonate-rich sediments on the
continental shelf can rapidly react to the decreasing � with
respect to carbonate minerals (Haese et al., 2014), OA will
potentially have critical implications to their distribution and,
consequently, the habitats of benthic organisms.

Carbonate Mineral Composition of Shells and

Skeletons
Ocean acidification will not only impact carbonate mineral
composition in surface sediments of coastal and continental shelf
environments but also on diverse shelf assemblages of marine
calcifiers. Globally, most scleractinian cold-water corals (>70%)
will be exposed to undersaturated conditions by 2100 when
the ASH is expected to reach surface waters (Guinotte et al.,
2006; Turley et al., 2007). Many SO organisms are expected to
be unable to adapt to projected rapid changes, as this region
is characterized by low interannual variability in surface ocean
[CO2−

3 ] (Orr et al., 2005; Conrad and Lovenduski, 2015). OA
may consequently impact biomineralization of their skeletons
and promote their dissolution (Andersson et al., 2008; Fabry,
2008). Currently, studies of OA impact on organisms are few,
and therefore, further studies are required to better understand
the influence of carbonate chemistry on marine calcifiers, as
mentioned above.

While there is great uncertainty in the predictions of
“winners” and “losers” under forecasted global-change, the
CaCO3 form of shells and skeletons, when combined with other
biological traits, could be a key factor in determining their
response to change. Carbonate shells and skeletons may be
composed of three different phases: aragonite, calcite and Mg-
calcite. Calcite and aragonite are polymorphs (different mineral
structure) of CaCO3. Mg-calcite has the same mineral structure
as calcite but some Ca2+ ions have been replaced by Mg2+

ions. These CaCO3 minerals have different physical and chemical
properties. The structure of aragonite is known to be less stable,
and thus more soluble, than that of calcite. A high percentage of
marine calcifiers incorporate significant amounts ofMg into their
skeletons, which additionally reduces mineral stability. Their

shells and skeletons are categorized as low-Mg calcite (LMC; 0–4
wt% MgCO3), intermediate-Mg calcite (IMC; 4–8 wt% MgCO3),
and high-Mg calcite (HMC; >8 wt% MgCO3) (Rucker and
Carver, 1969). Thus, HMC shells or skeletons are also more
soluble than those comprised of LMC and pure calcite and even,
in some situations, aragonite; consequently, they may be most
susceptible to OA impacts (Andersson et al., 2008; Fabry, 2008).

Energetic cost associated with acid-base regulation in response
to OA is another important issue to consider OA impacts,
which may even have more influence on the species sensitivity
to OA than the CaCO3 composition of their shell or skeleton
(Collard et al., 2015; Duquette et al., 2018). The increase in
energetic investment into acid-base regulation may lead to a
decrease allocation to other functions such as reproduction,
growth or calcification.

Ocean warming could further exacerbate the effects of OA
in species with Mg-calcite shells/skeletons, as Mg content
in calcite generally increases with seawater temperature and
thereby further accelerates skeletal solubility. Ocean warming,
in combination with OA, is thus forecasted to increase
the vulnerability of some marine calcifiers, particularly taxa
depositing more soluble CaCO3 mineral phases (aragonite or
HMC) (Andersson et al., 2008). However, the IMC or LMC cold-
water species are potentially less soluble than those from warmer
waters, and could also be at increased risk to near-future OA,
as Antarctica is acidifying at a faster rate than much of the rest
of the global ocean (Fabry et al., 2009). In addition, species with
known limited thermotolerance and/or mobility (e.g., some cold-
water species) are of particular concern, as they may not be able
to shift their distribution to higher latitudes and/or deeper waters,
to respond to these changing conditions.

Information on skeletal mineralogy of Antarctic marine
calcifiers is currently limited and biased to only a small
number of taxa, and to specific geographic and bathymetric
ranges (Borisenko and Gontar, 1991; Taylor et al., 2009;
McClintock et al., 2011; Figuerola et al., 2015; Krzeminska
et al., 2016; IPCC, 2019). For instance, little attention has
been paid to Antarctic benthic communities from the deep-
sea and important areas such as the Vulnerable Marine
Ecosystem (VME) in East Antarctica (Post et al., 2010). These
communities are characterized by high levels of species richness
in marine calcifiers, in particular habitat-forming bryozoans and
hydrocorals (Stylasteridae) (Beaman and Harris, 2005; Post et al.,
2010; Bax and Cairns, 2014).

Many studies have focused on the impacts of OA without
considering its interactions with other environmental (e.g.,
warming, food quality, or salinity) and biological (e.g., skeletal
growth rate) factors which are involved in mediating the
susceptibility of marine calcifiers to OA, for example, through
controlling the incorporation of Mg into the skeletal calcite
(Chave, 1954; Andersson et al., 2008; Hermans et al., 2010; Sewell
and Hofmann, 2011; Swezey et al., 2017). Here we review, and
for the first time, provide a quantitative meta-analysis to give
an overview of the current state of knowledge about skeletal
mineralogy of major taxonomic groups of SO marine calcifiers;
and utilize these findings to project future implications of OA
impacts on different groups of organisms.
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METHODS

In order to project how OA could impact SO marine calcifiers,
environmental, and biological data for a broad range of
organisms were compiled. These included species geographic
range, skeletal mineralogy, the calcification responses, and
strategies to overcome OA. Their CaCO3 composition was
reported as aragonite and/or calcite. Calcite composition was
further classified as LMC, IMC and HMC (Rucker and Carver,
1969). Data previously reported as mol%MgCO3 were converted
to weight% (wt%) MgCO3 for comparisons. Individual SO
maps with species distributions were then produced for two
groups (echinoderms and bryozoans) with Mg-calcite skeletons
for which there is relatively good data and for benthic species
identified here as particularly vulnerable to OA.

With the aim of performing a meta-analysis, a thorough
database search was conducted to compile all peer-reviewed
journal articles and literature reviews that investigated the effect
of altered seawater carbonate chemistry on SO marine calcifiers.
We conducted searches using three databases (ISI Web of
Science, Scopus and Aquatic Sciences, and Fisheries Abstracts).
Keywords used are provided in Supplementary Table 1

(database searches completed May 2020). Articles were screened
to include studies that manipulated the carbonate chemistry to
investigate the effects of OA on specifically SO marine calcifiers.
The CO2 treatment levels were separated into two categories for
the meta-analysis: ambient treatment and elevated CO2/lowered
pH treatment. The ambient treatment used from each study was
the ambient treatment defined by the individual studies with
obvious variation between these based on what is ambient at
the particular study site/time of year (all ambient treatments
were below 500µatm). Due to the limited number of studies,
all elevated CO2/lowered pH treatments were combined for the
meta-analysis. If a study had multiple elevated CO2/lowered pH
treatments, the highest value of treatment of these was included,
and no treatments above 1,500µatm CO2 were included.
After manual screening, 20 studies remained for inclusion in
the meta-analysis (Supplementary Figure 1). Data included
bivalves (Mollusca; Bivalvia), brachiopods (Brachiopoda),
limpets (Mollusca; Gastropoda; Patellogastropoda), pteropods
(Mollusca; Gastropoda; Pteropoda), sea snails (Mollusca;
Gastropoda; Trochida), sea stars (Echinodermata; Asteroidea),
sea urchins (Echinodermata; Echinoidea), and coccolithophores
(Haptophyta; Coccolithophyceae). The effects of OA on the
following biological responses were investigated: development
(bivalves, sea stars, and sea urchins; fertilization rate or normal
development), growth rate (brachiopods, pteropods and
coccolithophores), shell state (bivalves, limpets, pteropods,
and sea snails; adult calcification or dissolution rate), coccolith
volume (coccolithophores), and survival (sea urchins). We
analyzed the data following previous methods (Kroeker
et al., 2010, 2013; Hancock et al., 2020). For each study the
ln-transformed response ratio to OA was calculated using
the formula

LnRR = ln(R) = ln(XE) − ln(XC)

where XE and XC are the mean value for the biological responses
in the CO2 experimental treatment and the ambient treatment,
respectively (Hedges et al., 1999). We used the log response
ratio (LnRR) due to its robustness to small sample sizes and
its ability to detect true effects (Lajeunesse and Forbes, 2003).
For all response ratios, a positive ratio is a positive response
to OA, a negative response ratio is a negative response to OA,
and a response ratio of zero indicates there is no effect of OA.
These response ratios (LnRR) were then weighted by the variance
(v), calculated by their associated standard error and sample
size using

υ =
(SE)

2

nEX
2
E

+
(SC)

2

nCX
2
C

where SE and SC are the standard error for the experimental
treatment mean and ambient (control treatment mean,
respectively, and nE and nC are the sample size for the
experimental mean and ambient (control) mean, respectively
(Hedges and Olkin, 1985). Studies with a lower standard error
and higher sample size were weighted more heavily than those
with a higher standard error and lower sample size (Hedges and
Olkin, 1985). Meta-analyses were conducted with all studies
combined and separated based on the mineralogical composition
of the study organism (as outline above) using the R package
metafor (Viechtbauer, 2010) in R version 3.5.0 (R Core Team,
2018). We used a random-effects model to estimate a summary
response ratio for each biological response in each CO2 category,
weighted by the inverse-variance weights (v). This model
accounts for both random sampling variation in each study and
the variation among studies in estimating the effect size. The
true variation in effect size is calculated by the between-study
variance (using the ln-transformed response ratios, LnRR), with
each study weighted by the inverse sum of the individual study
variance (v). We used restricted maximum-likelihood estimator
(REML) to estimate the amount of (residual) heterogeneity (Q),
which tests whether the variability in the effect size is larger than
would be expected based on sampling variance alone (Brown and
Kempton, 1994). Statistical significance of the mean response
ratio was based on the 95% confidence interval on the estimated
summary response ratio (Viechtbauer, 2010).

RESULTS

For theMg calcite-producing species, the calcite composition was
classified in a total of 123 species belonging to 89 bryozoan and
34 echinoderm species (Supplementary Tables 2, 3). Individual
SO maps showed a general pattern of increase of Mg
content in calcite toward lower latitudes in bryozoans and
echinoderms (Figure 2).

Twenty studies on the effect of altered carbonate chemistry on
marine calcifiers south of 60◦S were included in themeta-analysis
(Supplementary Figure 1 and Supplementary Table 4). A total
of 25 response ratios (two for bivalves, two for brachiopods,
two for sea stars, nine for sea urchins, two for pteropods,
one for a sea snail, one for patellogastropoda, and six for
coccolithophores) were calculated from the 20 studies (some
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FIGURE 2 | General distribution patterns for Echinodermata (24 HMC, 3 HMC/IMC, 6 IMC, and 1 LMC species) and Bryozoa (59 IMC and 30 LMC species) based on

Mg-calcite distribution in the Southern Ocean.

studies reported more than one experiment and/or species
response). With all response ratios combined, there was a
negative response to OA inmarine calcifiers (Figure 3). However,
significant heterogeneity was found (Q = 48,669.264, df = 24, p
< 0.001; Supplementary Table 3), indicating that the variability
between the studies is greater than expected by chance alone. The
response varied depending on the mineralogical composition of
the organism (Figure 3). Whilst there was a negative response
to OA in calcitic, aragonitic, and HMC species, LMC species
were mostly unaffected [noting there was limited data for this
group with only three response ratios calculated from Liothyrella
uva (Broderip, 1833)]. Significant heterogeneity was observed
for aragonite, calcite and HMC (p < 0.001) but not for LMC
(Q = 0.6085, df = 1, p = 0.4354; Supplementary Table 3).
The echinoderms, Sterechinus neumayeri (Meissner, 1900) and
Odontaster validus (Koehler, 1906), were sensitive to increased
CO2 above current levels (>500µatm), with a negative effect on
their development. The shell state and growth of the pteropod
Limacina helicina (Phipps, 1774) and the shell state of the
sea snail Margarella antarctica (Lamy, 1906) were negatively
affected at moderate CO2 levels (>800µatm). The response
was also negative in CO2 treatments exceeding 1,000µatm in
the brachiopod Liothyrella uva (growth), the bivalve Laternula
elliptica (P. P. King, 1832) (development and shell state), the
coccolithophore Emiliania huxleyi (Lohmann)W.W.Hay&H. P.

Mohler, 1967 (growth), and the sea urchin S. neumayeri (survival)
(see Supplementary Figure 1 for details).

Information on the vulnerability of a range of different
commonAntarctic phyla was assessed based on theirmineralogy-
related sensitivity and their strategies to overcome OA (Table 1).

EFFECTS OF OCEAN ACIDIFICATION ON
SOUTHERN OCEAN CALCIFYING TAXA

It is predicted that marine calcifiers living in SO regions will be
exposed to undersaturated seawater conditions with respect to
aragonite by 2050 (Orr et al., 2005; McNeil and Matear, 2008)
and with respect to calcite by 2095 (McNeil and Matear, 2008).
The situation of some regions south of the Polar Front may
be aggravated during austral winters (Orr et al., 2005), when
wintertime aragonite undersaturation may occur as early as 2030
in the latitudinal band between 65 and 70◦S (McNeil and Matear,
2008; McNeil et al., 2010; Mattsdotter Björk et al., 2014), and
during the seasonal decline in primary production, when there
is less biological drawdown of CO2.

As the saturation horizon shoals, deep water calcifying species
that currently live just above the saturation horizon may be
amongst the earliest to be affected by OA (Turley et al.,
2007). Many benthic organisms could potentially be affected
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FIGURE 3 | The effect of ocean acidification on aragonitic, calcitic, high-Mg

calcite (HMC), and low-Mg calcite (LMC) species. Mean response ratios and

95% confidence intervals are shown, with the number of data points in each

category given in brackets. A mean response ratio of zero (hashed line)

indicates no effect. Background shading indicates response ratios of all the

phyla.

by reductions of their habitat, particularly those on the narrow
shallow water shelves of the eastern Weddell Sea and deeper
shelves of the Amundsen, Bellingshausen, and western Weddell
Seas, which currently have higher levels of CaCO3 in their
sediments. As organic matter alters carbonate chemistry of
sediments, species inhabiting regions where the flux of organic
matter to the seafloor is expected to increase (e.g., new ice-
free areas) could also be at risk. Although taxa characterized by
broad bathymetric ranges and/or circumpolar distributions [e.g.,
Laternula elliptica, Glabraster antarctica (E. A. Smith, 1876), and
Sterechinus neumayeri; Figure 4] may find temporary refuge in
shallower waters, and/or in some SO areas where undersaturation
may occur later (e.g., far from latitudinal band between 65 and
70◦S), distribution shifts are also likely to be influenced by
other environmental factors such as warming. However, further
molecular studies are needed to determine if broad circumpolar
and/or eurybathic ranges are actually separate cryptic species
(Baird et al., 2011; Allcock and Strugnell, 2012).

Calcified invertebrates and plants perform important roles
in Antarctic ecosystem functioning including: as important
food sources (e.g., pteropods) for higher trophic levels such as
carnivorous zooplankton, fishes and other predators; creating
habitats used as spawning, nursery and feeding areas of higher
trophic levels (e.g., corals, spirorbid polychaetes); as grazers
or predators influencing the structure of benthic communities
(e.g., echinoderms) (Dayton et al., 1974; Prather et al., 2013;
Wright and Gribben, 2017); and/or contributing to marine
carbon cycling and storage (e.g., foraminifera, coccolithophores,

molluscs) (Lebrato et al., 2010). Some Antarctic calcifying species
with circumpolar distributions and broad bathymetric ranges
could be potential indicators or sentinel species of chemical
changes in the SO if they show sensitivity to environmental
changes (Dayton et al., 1974; Brandt et al., 2007; Barnes
and Kuklinski, 2010; Figuerola et al., 2012). A number of
factors determine the influence of OA on a species including
its mineralogy, biological traits (including physiology), and
environmental constraints (such as variation).

Mineralogy-Related Sensitivity to Ocean
Acidification
Our meta-analysis of the known effects of the OA on a range of
biological responses (development, growth rate, survival, and/or
shell state) in relation to the mineralogy of SO calcifiers found
that SO calcitic, aragonitic, and HMC species are likely to be
more vulnerable to OA, whereas LMC species were found to
be unaffected (Supplementary Table 4). However, the available
data is currently limited and the need for further studies
was reinforced. A series of earlier comprehensive global meta-
analyses of responses to OA have also shown reductions in
survival, calcification, growth, and development in a range of
marine calcifiers in comparison to non-calcifying taxa (Kroeker
et al., 2010, 2013). Thesemeta-analyses concluded that organisms
depositing high-Mg calcite could be more resilient to OA than
those depositing calcite or aragonite, bringing into question the
usefulness of simplified mineralogical composition in predicting
organism sensitivities to OA (Kroeker et al., 2010). A subsequent
constructive debate led to suggestions to improve the accuracy
of predictions, such as including other biological variables
as well as the mineralogical composition, and redefining the
HMC category as skeletons containing >12 mol% MgCO3 and
excluding those with very complex mineralogy (e.g., crustaceans)
(Andersson and Mackenzie, 2011; Kroeker et al., 2011). These
studies also reinforced the need for more mineralogical studies
to characterize a wider range of species. A more recent meta-
analysis specifically investigated the effect of altered carbonate
chemistry on marine organisms south of 60◦S (from 60 studies)
and found results consistent with the previous meta-analyses
including reduced survival and shell calcification rates, increased
dissolution in adult calcifying invertebrates, and a reduction
in embryonic survival and larval development rates (Hancock
et al., 2020). Some generalizations can be made for taxonomic
groups, for example our study indicated that molluscs are one of
the groups most sensitive to OA, whereas crustaceans are more
resilient (Table 2). However, exceptions to such generalizations
can be found within groups.

Recent studies have examined the relationships between
variation in the mineralogical composition of Antarctic and
sub-Antarctic marine calcifiers and decreasing seawater pH
and greater solubility of HMC and aragonite. A hypothesized
decrease of skeletal Mg-calcite along a depth gradient in four
Antarctic bryozoan species was not supported (Figuerola et al.,
2015), and nor was an hypothesized increase of aragonitic forms
toward shallower waters in sub-Antarctic stylasterid populations
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TABLE 1 | Potential vulnerability of a range of different common Antarctic phyla based on their mineralogy-related sensitivity and their strategies to overcome ocean acidification.

Phylum Class Order Taxa Skeletal

mineralogy

Impacts Strategies to overcome

OA

Vulnerability References

Plankton Mollusca Gastropoda Pteropoda Limacina helicina

(dominant species

of pteropods)

Thin aragonitic

shells

Levels of shell dissolution

were observed in

undersaturated conditions.

Increased metabolic rates

when exposed to projected

pH and temperature

changes. Larval

development during winter

pH minima

Outer organic layer

(periostracum) that can

protect the outer shell

surface from dissolution

High
Bednaršek et al., 2012,

2014; Hoshijima et al.,

2017

Haptophyta

(coccolithophores)

Prymnesiophyceae Isochrysidales Emiliania huxleyi Delicate calcitic

shells with low

calcium carbonate

content (“B/C”

morphotype)

They produce calcified

scales (coccoliths) in an

intracellular compartment

and secrete them to the cell

surface

Medium
Müller et al., 2015

Foraminifera Globothalamea Rotaliida Globigerina

bulloides

Calcitic shells Reduced calcification when

comparing modern shell

weights with shells

preserved in the underlying

Holocene-aged sediments.

Reduction of calcification

and oxygen consumption as

pH declined from 8.0 to 7.5

Medium
Moy et al., 2009; Davis

et al., 2017

Benthos Mollusca Gastropoda Trochida Margarella

antarctica

Aragonitic shells Resilience to initial exposure

to temperature and pH

changes projected to occur

over the next several 100

years (ΩAr and ΩCa >1.10)

Medium
Schram et al., 2016

Patellogastropoda Nacella concinna Calcitic shells Resilience to initial exposure

to temperature and pH

changes projected to occur

over the next several 100

years (ΩAr and ΩCa >1.10)

Medium (Schram et al., 2016)

Bivalvia Not assigned Laternula elliptica Aragonitic shells Shell dissolution and slower

development of larvae under

ΩAr 0.79–0.52 (pH

7.80–7.65)

Upregulation in expression

of chitin synthase. External

organic layer (periostracum)

may provide protection from

ambient seawater

High
Cummings et al., 2011;

Bylenga et al., 2017

(Continued)
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TABLE 1 | Continued

Phylum Class Order Taxa Skeletal

mineralogy

Impacts Strategies to overcome

OA

Vulnerability References

Cnidaria Anthozoa Scleractinia Desmophyllum

dianthus,

Solenosmilia sp.

and Madrepora sp

Aragonitic

skeletons

Studies using D. dianthus

from other areas suggest

that the projected

combination of rising

temperatures and ocean

acidification may severely

impact this cold-water coral

species. Some species

have limited larval dispersal,

which will affect the

potential for recovery of

these species

Some species can regulate

the pH of their calcifying fluid

High
Miller et al., 2011;

Margolin et al., 2014;

Gori et al., 2016

Hydrozoa Anthoathecata Stylasterid species Aragonitic and

calcitic skeletons

Medium (Cairns and Macintyre,

1992; Bax, 2015)

Arthropoda Malacostraca Decapoda Paralomis birsteini Robust, calcitic

exoskeletons

High levels of

mobility/activity.

Crustaceans generally have

exoskeletons which are

enclosed within epicuticles

Low
Ries et al., 2009; Steffel

et al., 2019

Rhodophyta Florideophyceae Corallinales HMC skeletons

(8–18 wt%

MgCO3)

External organic layers that

provide protection from

ambient seawater

High
Irving et al., 2005; Ries

et al., 2009

Porifera Calcarea HMC spicules

(≤15 wt% MgCO3) Likely vulnerable as we

know very little about this

sponge class. More than

half of calcareous sponge

species are endemic to this

region. There are a few

deep-sea calcarea, these

may not be as affected

Strategies Not known (data

deficient) Smith et al., 2013a

Echinodermata Most species are HMC. Sea stars and brittle stars are the most vulnerable echinoderm groups High
Ries et al., 2009;

McClintock et al., 2011

Asteroidea Valvatida Glabraster

antarctica

HMC High
McClintock et al., 2011;

Moore et al., 2018

Echinoidea Camarodonta Sterechinus

neumayeri

HMC (>6 wt%

MgCO3)

The growth of the calcifying

larval stage was negatively

correlated with decreased

pH and carbonate mineral

saturation state but

calcification was not

reduced at lowered pH

(pHNBS = 7.6, ΩCa = 0.66,

ΩAr = 0.41)

Sea urchins have external

organic layers that provide

protection from ambient

seawater

High
Clark et al., 2009; Ries

et al., 2009; McClintock

et al., 2011; Byrne

et al., 2013

(Continued)
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FIGURE 4 | Distribution patterns for benthic species from the Southern Ocean

identified here as particularly vulnerable to ocean acidification.

(Bax and Robinson, unpublished data). These mineralogy
findings do not consider other factors influencing species
distributions, such as gene flow across depth gradients, which
may work against selective pressures influencing mineralogy
(Miller et al., 2011). Our meta-analysis highlights the detrimental
impact of OA on dispersal stages which could have significant
long-term consequences for isolated populations (Miller et al.,
2011), or eventually lead to depth related differences in
mineralogy. A further step will be to consider a broader array
of species and a wider depth range to test the effect of the
lower CaCO3 � on distributions. Several common Antarctic
marine calcifiers secrete more soluble CaCO3 mineral phases:
aragonite (e.g., scleractinian cold-water corals, infaunal bivalves,
pteropods) or HMC (e.g., bryozoans and echinoderms) (Turley
et al., 2007; McClintock et al., 2009, 2011; Figuerola et al., 2019).

There is a need for information on mineralogy of all major
groups of calcifying invertebrates over a wider depth range to
evaluate patterns related to environmental (e.g., local CSH and
ASH) and biological factors (e.g., food availability), with a focus
on identifying taxa or communities that may be potentially
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TABLE 2 | Effects of acidification on survival, calcification, growth, development, photosynthesis in marine calcifier groups from Kroeker et al. (2013), including new data

of mineralogy-related sensitivity and vulnerability.

Group Survival Calcification Growth Development Photosynthesis Mineralogy Vulnerability

Corals 0 −32% 0 0 Aragonite High

Molluscs −34% −40% −17% −25% Aragonite High

Echinoderms 0 0 −10% −11% HMC Medium

Coccolithophores −23% 0 0 Calcite Low

Crustaceans 0 0 0 0 Calcite Low

Calcified algae 0 −28% HMC Medium

Effects represented as mean percent (–) decrease in a given response, no effects (or too few studies) represented as 0, and untested variables by blank space. Groups are scored from

low to high vulnerability to ocean acidification, considering the result of each response variable and skeletal mineralogy.

vulnerable to near-future OA, and that may make suitable
indicators (sentinels) to monitor effects of OA in the SO.

Taxonomic Variation in Mineralogy
Cold-water corals form a dominant component of some SO
benthic communities and have a wide range of mineralogy. The
discovery of large field-like aggregations of deep-sea stylasterid
coral reefs in the Antarctic benthos and their classification as
a vulnerable marine ecosystem (VME) under the Commission
for the Conservation of Antarctic Marine Living Resources
(CCAMLR) highlights their conservation importance, and
recognizes the role these reefs play in the maintenance of
biodiversity (Bax and Cairns, 2014). VMEs have been described
throughout the Antarctic and sub-Antarctic which include:
gorgonian corals (Moore et al., 2017), colonial scleractinian
corals such as Solenosmilia and Madrepora (Cairns, 1982;
Cairns and Polonio, 2013), and stylasterid corals (e.g., Errina
sp.) (Bax and Cairns, 2014). These coral groups have been
shown to have differential carbonate mineralogy: gorgonians:
calcite/aragonite (Thresher et al., 2011); scleractinians: aragonite
(Margolin et al., 2014), and stylasterids: calcite/aragonite (Cairns
and Macintyre, 1992). Notably, stylasterid corals have the ability
to utilize both aragonite and calcite (Cairns and Macintyre,
1992), and therefore, could have a greater capacity to acclimate
to changing oceanic pH than purely aragonite calcifiers (Bax
and Cairns, 2014). Therefore, it is likely that coral response
to OA will be varied, however, there is very little data on
Antarctic coral species beyond taxonomic descriptions (Cairns,
1982, 1983), and biogeographic studies (Bax and Cairns, 2014),
leaving their calcification responses to OA largely unknown,
despite their expected vulnerability (Tittensor et al., 2010).
One exception is the cosmopolitan aragonite scleractinian coral
Desmophyllum dianthus (Esper, 1794) (Figure 4), for which
there is a reasonable literature relating to OA impacts (Miller
et al., 2011; Fillinger and Richter, 2013; Jantzen et al., 2013).
Most of these studies, however, are based on populations
outside of Antarctica, predominantly within the Chilean fjords.
The scleractinid coral species D. dianthus, Solenosmilia sp.
and Madrepora sp., with aragonitic skeletons, could also be
impacted by OA, due to their mineralogy-related sensitivity
and their biological traits. D. dianthus has a common depth
range between 200 and 2,500m (Miller et al., 2011; Fillinger

and Richter, 2013), and exhibits reduced respiration rates
under a combination of rising temperatures and OA scenarios
(Gori et al., 2016). Thus, it is likely that this species may
be severely impacted by these two key CO2-related stressors.
Scleractinid corals comprise dominant components of VMEs
on the Antarctic shelf and the effects of OA at the species
level could lead to broader and potentially negative ecosystem
level effects.

Aragonite Producing Species
One of the effects of OA predicted to occur in coming years
is the shoaling of the ASH, resulting in undersaturation of
aragonite in shallow waters. This is of a particular concern for
shallow water species with aragonitic shells and/or skeletons
such as benthic molluscs and zooplankton species such as
pteropods. SO pteropods are the major pelagic producers of
aragonite and comprise up to one-quarter of total zooplankton
biomass in several Antarctic regions (the Ross Sea, Weddell
Sea, and East Antarctica), with Limacina helicina the dominant
species (McNeil and Matear, 2008). The thin aragonitic shells of
these free-swimming marine gastropods are vulnerable to OA.
Shell dissolution was observed when individuals of L. helicina
antarcticawere exposed to undersaturated conditions (ΩA = 0.8)
(Bednaršek et al., 2012, 2014), along with increasedmetabolic rate
when exposed to lowered pH (pH 7.7), and a high temperature
(4◦C). These responses are likely to be related to the increased
energetic costs for shell repair (Hoshijima et al., 2017). L. helicina
has a life cycle of 1–2 years and its veliger larva develops during
winter, when the projected aragonite undersaturation will first
occur. If L. helicina is not able to cope with anticipated OA,
it will likely lead to cascading impacts through higher trophic
levels (Seibel and Dierssen, 2003). Pteropods may be particularly
vulnerable to the projected emergence of a shallow saturation
horizon since they generally live in the upper 300m (Hunt
et al., 2008). A recent review and meta-analysis indicated that
pteropods are at risk in the ΩAr range from 1.5 to 0.9, and
that OA effects on survival and shell dissolution are exacerbated
with warming (Bednaršek et al., 2019). Our meta-analysis shows
significant effects of OA on growth (Hoshijima et al., 2017) and
shell state (Bednaršek et al., 2014) in the pteropod L. helicina
(Supplementary Figure 1). This species was already considered
an OA sentinel due to its thin aragonitic shell, which is
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FIGURE 5 | Infographic of predictions about how ocean acidification will affect particular groups of marine calcifiers from Antarctica. Information on different mineral

composition, functional, and life history traits is provided for each group.

susceptible to dissolution (Figure 5) (Manno et al., 2017). L.
helicinamay also not have the genetic plasticity required to adapt
to projected OA changes in the SO (Johnson and Hofmann,
2017).

Similarly, the D-larval stage of the common circumpolar
Antarctic bivalve Laternula elliptica, which possess aragonitic
shells (Figure 4), showed shell dissolution and slower
development under OA conditions (ΩAr 0.79–0.52, pH
7.80–7.65) (Bylenga et al., 2015, 2017). Empty adult shells of
other SO molluscs (bivalves and limpets), including calcitic
species, also show significant dissolution when exposed to
reduced pH (pH = 7.4, ΩAr = 0.47, ΩCa = 0.74) (McClintock
et al., 2009). Such species may be suitable as sentinels of OA
in the SO (Bednaršek et al., 2014). In contrast, aragonitic
shells of the gastropod Margarella antarctica were resilient to
initial exposure to temperature and pH changes projected to
occur over the next several 100 years (ΩAr and ΩCa > 1.10)
(Schram et al., 2016). The larvae of the bivalve L. elliptica,
which have predominantly aragonite shells, also seem to be
sensitive to undersaturated conditions (shell dissolution and
slower development) (Supplementary Figure 1; Bylenga et al.,

2015, 2017). Given its circumpolar distribution (Figure 4)
and broad depth range (<10–∼700m) (Waller et al., 2017),
individuals from shallower waters could avoid the initial
projected occurrences of aragonite undersaturation events.

Calcite-Producing Species
Coccolithophores are a globally ubiquitous, major phytoplankton
calcitic calcifier group, accounting for nearly half of global
CaCO3 production (Moheimani et al., 2012). These unicellular
flagellate algae play a significant role in the SO carbon cycle,
contributing 17% to annually integrated net primary productivity
south of 30◦S (Nissen et al., 2018). Coccolithophores show
taxon-specific and regional variation in response to increased
pCO2 and light intensity (Donahue et al., 2019). Emiliania
huxleyi, the most abundant species, has different morphotypes
that exhibit a clear north-to-south distribution gradient, with
the SO “B/C” morphotype forming delicate coccoliths with
relatively low CaCO3 (calcite) content compared to other more
calcified morphotypes from lower latitudes (Müller et al., 2015).
Three morphotypes from different latitudes reduced their rate of
calcification under simulated OA scenarios; the B/C morphotype
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was found to be the most sensitive, although even in the more
resilient morphotype A a 3-fold reduction in calcification was
observed (Müller et al., 2015, 2017).

In contrast, net calcification in the limpet Nacella concinna
(Strebel, 1908), with calcitic shells (Mg-calcite; J.B. Schram,
unpublished X-ray diffraction data), was resilient to seawater
changes projected to occur over the next several 100 years
(temperature and pH changes ΩAr and ΩCa > 1.10) (Schram
et al., 2016).

Mg Calcite-Producing Species
High latitude surface seawater is currently undersaturated with
respect to Mg-calcite minerals containing >10 wt% MgCO3

(Andersson et al., 2008), yet species with Mg-calcite mineralogy
are common and important components of Antarctic benthic
communities. Encrusting organisms like spirorbid polychaetes
and bryozoans, with r-selected life-history strategies, are amongst
the most remarkable early Antarctic colonizers (Stark, 2008).
The skeletal Mg-calcite composition has been determined for a
considerable number of species from several Antarctic groups
(e.g., echinoderms and bryozoans), although there is still a
significant gap in knowledge of other taxonomic groups, and
their geographic variation in general.

Most genera of foraminifera have calcitic shells with varying
amounts of Mg, ranging from LMC to HMC (Blackmon and
Todd, 1959). Planktonic foraminifera are ubiquitous in the SO
and a major component of calcifiers among marine zooplankton,
with ∼25% settling on the seafloor and their calcitic shells
contributing ∼32–80% to the total deep-marine calcite budget
(Schiebel, 2002). It is known that reductions in pH and [CO2−

3 ]
generally alter the performance of this group, together with
pteropods and coccolithophores (Barker and Elderfield, 2002;
Manno et al., 2012). Globigerina bulloides d’Orbigny, 1826, is one
of the most commonly used species for environmental paleo-
reconstructions at high latitudes (Anand and Elderfield, 2005).
The common SO species have shown reduced calcification when
comparing modern shell weights with shells preserved in the
underlying Holocene-aged sediments (Moy et al., 2009). The
authors linked the change to anthropogenic OA. Other lab and
field studies using different species of planktonic foraminifera
showed the same trend (Manno et al., 2012; Marshall et al., 2013).
Consistent with these findings, a recent study showed a reduction
of calcification and oxygen consumption of G. bulloides as pH
declined from 8.0 to 7.5 (Davis et al., 2017). The lack of studies
on the OA effects on foraminifera in the SO, and in general,
highlights the significant gap in knowledge, and therefore the
importance of further research to aid more accurate predictions.

Crustose coralline algae (CCA) is abundant and diverse
worldwide and in a range of habitats on hard substrata of
the continental shelves and is an important component of
shallow water benthic communities and is a key substrate for
benthos in some Antarctic fjords at 10–30m (Wiencke et al.,
2014), and it has been found to colonize most newly ice-
free areas (Quartino et al., 2013). The distribution of CCA in
Antarctica is not well known and the taxonomy is also not
well-resolved (Wiencke et al., 2014). It has been found to cover
up to 70–80% of the substrate under macroalgal canopies in

Antarctica in shallow water (Irving et al., 2005). The tissue of
CCA skeletons typically ranges from 8–18 wt% MgCO3 (Chave,
1954). OneAntarctic species, Phymatolithon foecundum L. Düwel
& S. Wegeberg (Alongi et al., 2002), has been reported to
depths of 70m (Cormaci et al., 2000) in the Ross Sea, but the
mineralogy of this species has not been investigated. A recent
investigation of four Phymatolithon spp. in the north Atlantic
revealed that, within a single crust, Mg content of the carbonate
ranged from 8 to 20 mol% MgCO3 (Nash and Adey, 2017).
Furthermore, the proportions of carbonate types varied within
the tissues, and also between species (Nash and Adey, 2017),
making it difficult to predict OA impacts. Antarctic crustose
macroalgae may be resilient to OA, with a study conducted
on Clathromorphum obtectulum (Foslie) W. H. Adey, 1970
observing no negative impacts on CaCO3 content and Mg/Ca
ratio with OA (Schoenrock et al., 2016).

Sponges are often species-rich, dominant, high biomass,
habitat-providers in many Antarctic seafloors, with calcareous
sponges representing more than 12% of all species, which is far
higher than the global average (McClintock et al., 2005; Soest
et al., 2012). Calcareous sponges are also found to be highly
endemic, and have two genera found only in this region (Downey
et al., 2012). Species belonging to the class Calcarea generally
produce CaCO3 spicules with very high Mg contents (≤15 wt%
MgCO3), and are likely to be vulnerable to projected lowered
pH (Smith et al., 2013a). Close to 90% of calcareous sponges
are only found on the shelves of the Antarctic continent and
sub-Antarctic islands (Janussen and Downey, 2014), and most
of these species have very narrow longitudinal and latitudinal
ranges, which likely increases their vulnerability to projected OA
in the SO.More research is needed to ascertain the impacts of OA
on SO calcareous sponges.

Recent studies have investigated the skeletal Mg contents in
calcite of 29 Antarctic echinoderm species to understand howOA
may affect different groups (McClintock et al., 2011; Duquette
et al., 2018) (Supplementary Table 2). Most species were found
to be HMC, although variation of skeletal Mg-calcite existed
between taxonomic classes (asteroids, ophiuroids, echinoids, and
crinoids), and for the same species from different locations.
McClintock et al. (2011) suggested sea stars (e.g., Glabraster
antarctica), which can be Antarctic keystone predators (Dayton
et al., 1974), and brittle stars, with higher mean Mg values,
will likely be the first echinoderms to be affected by OA. The
fertilization and early development of the common Antarctic sea
urchin Sterechinus neumayeri were not affected by near-future
changes and its fertilization success only declined significantly
when exposed to one stressor (pH) at reduced levels projected
for 2300 (decreases of ∼0.7 pH units) (Ericson et al., 2010; Ho
et al., 2013). However, a negative interactive effect of projected
changes in seawater temperature (3◦C) and pH was found in
fertilization (11% reduction at pH 7.5) (Ericson et al., 2012) and
on cleavage success (pH 7.6) (Foo et al., 2016), although the
results may vary depending on sperm concentrations, population
or experimental conditions (Sewell et al., 2014). The growth
of the calcifying larval stage of this species was also found
to be negatively correlated with decreased pH and � (Byrne
et al., 2013), but calcification was not reduced at lowered pH
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(pHNBS = 7.6, ΩCa = 0.66, ΩAr = 0.41) (Clark et al., 2009).
Additionally, its larvae had shorter arm lengths when exposed to
undersaturated conditions (730µatm,�= 0.82) (Yu et al., 2013).
Similarly, normal development of the seastar Odontaster validus
was reduced at low pH (7.8) (Karelitz et al., 2017), as was survival
and growth of the larvae at pHNIST 7.6 (ΩCa = 0.89, ΩAr = 0.57)
(Gonzalez-Bernat et al., 2013), indicating that they are unable to
adjust to changes in extracellular pH, even though Asteroidea are
non-calcifying during their larval development. The latter study
illustrates how polar organisms are affected by characteristics
of OA other than direct effects on carbonate structures, which
could explain their different responses and sensitivities, as well
as their lack of relationship to � (Ries et al., 2009; Waldbusser
et al., 2015). Recent results have also illustrated that Antarctic
regular euechinoid and cidaroid species have acid-base regulation
systems, suggesting they are not particularly at risk although
more experimental studies combining different stressors (e.g.,
temperature) and using other species are needed (Collard et al.,
2015).

Sea stars and brittle stars may also be highly vulnerable to OA
due to their HMC skeletons, and the apparent lack of strategies
to overcome reduced pH/carbonate conditions (Table 2). One
example is the sea star Glabraster antarctica, which has higher
mean Mg values (>10 wt% MgCO3) than other SO species.
Gonzalez-Bernat et al. (2013) found the growth of the seastar
larvae Odontaster validus, is significantly affected when exposed
to low pH levels. Prior studies indicate differential sensitivities
depending on the biological responses in the common Antarctic
sea urchin Sterechinus neumayeri (Ericson et al., 2010; Ho
et al., 2013). While this species fertilization success and early
development were not affected by near-future changes, the
former declined significantly when only exposed to low pH levels
(Ericson et al., 2010; Ho et al., 2013). In addition, other studies
have revealed significant interactive effects of projected changes
in seawater temperature and pH on the percentage of fertilization
(Ericson et al., 2012) and on the cleavage success (Foo et al.,
2016). The growth of S. neumayeri’s calcifying larval stage was
also found to be negatively correlated with reduced pH and �

(Byrne et al., 2013), although its calcification was not reduced in
a previous study (Clark et al., 2009). This sensitivity of larvae
could cause a key bottleneck in their life-cycle (Dupont et al.,
2010). Both species are circumpolar and exhibit a high range
of eurybathy, ranging from the shallow subtidal to 2,930m (O.
validus) and to 500m depth (S. neumayeri) (Pierrat et al., 2012;
Moore et al., 2018). The negative impact of OA on echinoderms,
especially on some sea star species which are common key
predators in Antarctic ecosystems, could alter the structure and
biodiversity of these ecosystems, with cascading impacts on
multiple trophic levels. Like other SO echinoderm taxa, the
distribution of these common species may become limited to
shallow waters above the ASH, therefore, they could be affected
by warming.

The Mg content from individuals of 90 Antarctic bryozoan
species (nearly one-quarter of all Antarctic bryozoan species),
has found extreme intraspecific and interspecific variation
(Borisenko and Gontar, 1991; Taylor et al., 2009; Loxton
et al., 2013, 2014; Figuerola et al., 2015, 2019; Krzeminska

et al., 2016) (Supplementary Table 3). These studies showed
that most species consisted of IMC. Taylor et al. (2009)
previously confirmed the absence of aragonitic bryozoan
species at high latitudes (>40◦S) and the rarity of bimineralic
species. Figuerola et al. (2019) found that the circumpolar
cheilostome Beania erecta Waters, 1904 (Figure 4) may be
particularly vulnerable to global ocean surface pH reductions
of 0.3–0.5 units by the year 2100 as some specimens had
HMC skeletons. The Antarctic cyclostome Fasciculipora ramosa
d’Orbigny, 1842 also appears to be influenced, to some degree
by environmental factors, as shown by the significant variability
in branch diameter and Mg levels among depths (Figuerola
et al., 2015, 2017). B. erecta, like other Antarctic bryozoan
species, can form dense mats that, in some cases, cover
large areas of substratum. Potential decreases of some species
could indirectly negatively impact other organisms which use
their colonies as substrate, food and shelter (Figuerola et al.,
2019).

Spirorbid polychaetes are impacted heavily by acidified
conditions as their tubes are mainly composed of aragonite,
HMC or a mixture of the two (Cigliano et al., 2010; Smith
et al., 2013b; Peck et al., 2015). A recent study did not find
any temporal variation over 6 yrs in the wt% MgCO3 in calcite
in Antarctic bryozoans and spirorbid polychaetes, suggesting
that these particular taxa could be good indicator species for
the potential effects of environmental change in coastal regions
(Figuerola et al., 2019).

Brachiopods have some representatives in Antarctic waters,
in particular, the rhynchonelliform brachiopods are locally
important members in shallow water communities, and
have LMC shells (Barnes and Peck, 1996). The circumpolar
rhynchonelliform brachiopod Liothyrella uva showed
deterioration after 7 months exposure to pH 7.54 (ΩCa =

0.5, ΩAr = 0.3; Cross et al., 2019) although the projected
acidified conditions did not alter shell growth rates and the
ability to shell repair (Cross et al., 2014).

The exoskeletons of several crustacean species have also
been shown to contain Mg-calcite, although they often have
a very complex mineralogy (a combination of calcite, Mg-
calcite, calcium phosphate, and chitin), compared to skeletons
of other groups, such as bryozoans (Chave, 1954; Andersson
and Mackenzie, 2011). King crabs (Lithodidae), inhabiting deep
water habitats of the SO that are already undersaturated in
aragonite (Steffel et al., 2019), produce calcareous, even robust,
exoskeletons (e.g., Paralomis birsteini Macpherson, 1988). As
projected global warming removes thermal barriers controlling
their distribution, king crabs may expand their bathymetric
range to the Antarctic continental shelf, a region currently
characterized by the absence of durophagous (skeleton-breaking)
predators (Griffiths et al., 2013). Therefore, a range of calcifying
invertebrates (e.g., echinoderms and molluscs) with thin and
fragile shells and skeletons, could be at real risk of increased
predation, were such predators to establish on the Antarctic shelf
(Watson et al., 2017).

Changes in seawater temperature, which strongly influence
growth rate and also �, are also thought to drive changes in
skeletal Mg content, although other environmental factors such
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as salinity could be influential (Chave, 1954; Mackenzie et al.,
1983). There is a general trend of increasing aragonite and in
Mg content in calcite, toward lower latitudes, in different marine
calcifying taxa (Lowenstam, 1954; Taylor et al., 2009; McClintock
et al., 2011). A similar trend was found in different life stages (e.g.
juveniles and larvae vs. adults) and nine skeletal elements (e.g.,
spines and tooth) of echinoids (Smith et al., 2016). This general
pattern was also observed in individuals of echinoderms and
bryozoans with LMC skeletons only reported in Antarctica and
in sub-Antarctic and Antarctic regions, respectively (Figure 2).

Other Biological Traits
As suggested in previous work, it is important to consider
other aspects of the biology of organisms when assessing their
sensitivity to OA. Some biological traits increase sensitivity to
changes in pH and CaCO3 �, whereas other traits provide
either resistance or resilience to OA. Such biological traits, along
with factors such as nutritional status and source population,
enhance the variability of responses to OA (Kroeker et al., 2013).
Furthermore, a range of indirect effects and variation arise when
considering species response within multi-species assemblages
(Kroeker et al., 2013).

Mechanisms likely to provide marine calcifiers with greater
resilience to OA include high levels of mobility/activity and
consequently higher metabolic rates (e.g., crustaceans), greater
larval dispersal, capacity to regulate the pH of their calcifying
fluid; and protection of shells or skeletons from the surrounding
water (protective external organic layers) (Melzner et al., 2009;
Ries et al., 2009). Marine calcifiers such as CCA, some sea
urchin and molluscan taxa, possess skeletons/shells covered
by external organic layers that may provide protection from
ambient seawater, making them less vulnerable to OA (Ries
et al., 2009). Crustaceans generally have exoskeletons which are
enclosed within epicuticles, which are waxy protective outer
layers (Ries et al., 2009). Some brachiopods and molluscs, such
as the pteropod L. helicina antarctica, have an outer organic
layer (periostracum) that can protect the outer shell surface
from dissolution (Bednaršek et al., 2012, 2014). However, this
periostracum can be easily damaged, exposing the underlying
shell to surrounding seawater. Similarly, the level of epidermis
protection in tests and spines of regular sea urchins is
questionable due to its permeability and thinness, respectively
(Holtmann et al., 2013; Dubois, 2014). Whilst spines usually have
LMC compared to the tests, they are often damaged (Dubois,
2014). Mature spines of Cidaroids (a group well-represented
in the SO), possess special outer polycrystalline layers (cortex)
instead of epidermis, which appear to make them more resistant
to acidification (Dery et al., 2014). Additionally, the biofilm and
epibionts covering the cortex may also reduce its direct exposure
to seawater. Some taxa lack a protective external organic sheet,
such as spirorbid polychaetes, and may be highly vulnerable to
OA due to their HMC and/or aragonitic skeletons (Cigliano et al.,
2010; Smith et al., 2013b; Peck et al., 2015).

Biological traits such as adult sessile lifestyle and limited
larval dispersal will act to increase the potential impacts of
OA (Thatje, 2012) as the distribution of such organisms is less
likely to shift to more favorable habitat. Fauna such as corals,

bryozoans and spirorbid polychaetes are ecosystem engineers,
creating habitat complexity and refugia for many associated
macro- and micro-invertebrates. Dissolution effects could thus
lead to the loss of habitat complexity with serious consequences
to Antarctic ecosystems.

ACCLIMATION AND ADAPTATION

Responses and mechanisms for adaptation (permanent
evolutionary modifications induced by response to repeated
stressors) or acclimation (potential for an organism to adjust
to changes in an environment) to the forecast changes are
anticipated to be species-specific due to the phylogenetic
control on biological processes such as calcification and the Mg
content in calcite (Chave, 1954; Cairns and Macintyre, 1992).
For example, an evolutionary study shows that calcification in
the coccolithophore Emiliania huxleyi can be partly restored
under OA conditions over ∼1 year or 500-generations (Lohbeck
et al., 2012). Given the shorter turn-over time of phytoplankton
compared to higher-level organisms (Peck, 2018), the ability of
coccolithophores to rapidly adapt to changing environmental
conditions could help maintain their functionality within the
ecosystem. The occurrence of heavily calcified morphotypes in
higher latitudes/lower pH waters, though rare, highlights that
some coccolithophores have already adapted to lower CaCO3

conditions (Beaufort et al., 2011).

Capacity to Regulate Calcification
Biocalcification (a biologically facilitated process) is either
extracellular through deposition of CaCO3 on the exterior of
an organism; or intracellular and controlled from within the
organism (Weiner and Dove, 2003). Extracellular mineralization
of CaCO3 requires the � to be of a high level in order for
calcification to occur; and for the organism to control the [H+]
in the surrounding area to prevent it bonding with CO2−

3 ,
which reduces the availability of carbonate for shell building.
Through the active pumping of CO2−

3 out of a cell, an organism

increases the amount of free CO2−
3 for calcification. Alternatively,

CO2−
3 can be pumped into a vesicle within a cell and then the

vesicle containing the CaCO3 is secreted to the outside the cell
(Weiner and Dove, 2003). Molluscs and corals generally utilize
extracellular calcification secreting their shells and skeletons,
respectively, from a calcifying fluid (Ries, 2011). Further studies
on the capacity of SO calcifiers to control their acid-base balance,
are particularly needed to estimate their capacity to regulate their
extracellular pH (Collard et al., 2015).

Intracellular mineralization of CaCO3 is achieved within an
organism and retained internally to form a skeleton or internal
structure, or is secreted to the outside of the organism where
it is protected by the covering cell membrane (Weiner and
Dove, 2003). Examples of organisms that utilize intracellular
calcification include echinoderms and coccolithophores. In
particular, coccolithophores control calcification through
production of calcified scales (coccoliths) in an intracellular
compartment and secrete them to the cell surface (Marsh, 2003).
The capacity to regulate calcification via regulation of the pH of
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intracellular calcifying fluids used to secrete CaCO3 may provide
some resistance to OA effects and resilience to recover from
periods of low pH such as in winter. Some species (e.g., some
corals) can regulate the pH of their calcifying fluid and thus they
could buffer OA effects (Ries et al., 2009). While there have been
no studies of SO CCA and OA (either distributions, or potential
responses), the Arctic CCA Phymatolithon spp. exhibits strong
biological control over its surface chemistry, with efficient carbon
concentrating mechanisms that may prevent net dissolution by
elevating pH and CO2−

3 at their surface (Hofmann et al., 2018).
In contrast, molluscs are generally not capable of regulating the
pH and carbonate chemistry of their calcifying fluid (Ries, 2012;
Bednaršek et al., 2014).

Energetic Costs of Acclimation to Ocean
Acidification
Maintaining calcified skeletons, especially those with high Mg
content, is more energetically demanding in cold waters, as
the solubility of CaCO3 increases with decreasing temperature
(Weyl, 1959). This is supported by a clear signal of decreasing
skeletal investment with latitude and decreasing temperature,
although substantial flexibility in some Antarctic species exists,
e.g., laternulid clams have thicker shells than lower latitude
congenerics (Watson et al., 2012). Under a global warming
scenario, a general increase in skeletal Mg content is expected,
likely making the skeletons even more vulnerable to dissolution
(Chave, 1954; Andersson et al., 2008; Hermans et al., 2010;
Sewell and Hofmann, 2011). Hence, energetic costs to counteract
dissolution will likely have implications for many taxa.

For example, the congeneric deep-sea species Solenosmilia
variabilis from New Zealand (3.5◦C), maintained for 12 months
under reduced pH conditions (pH = 7.65, ΩAr = 0.69 ±

0.01), only showed colony tissue loss (Gammon et al., 2018).
The authors hypothesized that this response could indicate
a reallocation of energy, with physiological processes (e.g.,
growth and respiration) being maintained at the expense of
coenenchyme production (the common tissue that surrounds
and links the polyps in octocorals) (Gammon et al., 2018).

Plasticity in, and control over, biomineralization is a likely
mechanism by which calcifiers can adapt to OA. For example,
Laternula ellipctica has shown upregulation in expression of
chitin synthase, a gene involved in the shell formation process
in response to reduced pH conditions (Cummings et al., 2011).
Potentially higher energetic costs of this upregulation were
indicated by elevated respiration rates which, when modeled at
the population level, projected significant declines in abundance
(Guy et al., 2014). A study ofMytilus spp. from temperate to high
Arctic latitudes revealed mussels producing thinner shells with a
higher organic content in the polar region (Telesca et al., 2019).
The periostracum was thicker, and the shells contained more
calcite in their prismatic layer than aragonite, which potentially
provide greater protection against dissolution (Telesca et al.,
2019). The brachiopod Liothyrella uva also has the ability to
form thicker shells as a compensatory mechanism to dissolution
under acidified conditions (Cross et al., 2019). However, the
energetic cost of calcification in cold waters may also lead

to other compensatory responses. For example, the Antarctic
king crab Paralomis birsteini invest more resources in building
robust, predatory chelae than in protective carapaces, suggesting
a greater investment in predation than in defense as its predation
pressure is limited in Antarctic waters (Steffel et al., 2019).

Local Adaptation to Ocean Acidification
The potential role of local adaptation through phenotypic
plasticity in the resilience of species to OA has been
investigated by examining the variability in responses between
populations from different areas with contrasting physical
conditions (Vargas et al., 2017). Populations from areas
naturally exposed to high pCO2 levels and high levels of
pCO2 variation show resistance and resilience to OA effects,
with less impact on physiological traits, for plankton and
molluscs (Vargas et al., 2017). In contrast, populations from
areas with lower pCO2 and lower variability showed significant
negative effects when exposed to elevated pCO2. Similarly,
in a species of coralline algae it has been demonstrated that
elevated pCO2 more strongly negatively impacted populations
that experienced both lower pCO2 and lower variability in
carbonate chemistry, including effects on physiology and
growth rates (Padilla-Gamiño et al., 2016). Thus, the role
of natural variability in carbonate chemistry of seawater on
moderating the effects of OA on species needs to be considered
when assessing species-specific responses and suitability as
potential biomonitors.

The effects of such local variation on responses to OA in
Antarctic species has not been investigated, however considerable
variation has been found to occur in carbonate chemistry of SO
waters, particularly in coastal areas (Kapsenberg et al., 2015; Stark
et al., 2018). Further work is required to understand how SO
carbonate systems vary on regional and local scales.

FUTURE DIRECTIONS

The SO could serve as a sentinel for evaluating the impacts
of OA on marine calcifiers (Fabry et al., 2009) and aid in
making predictions of the future impacts at tropical and
temperate lower latitudes, where OA is expected to occur
later. Some SO regions are also warming faster than other
global oceans, along with other stressors such as nutrient
inputs. Key marine calcifiers may not be able to cope with
these multiple simultaneous projected changes, which could
ultimately affect food webs and have cascading impacts from
low to higher trophic levels. Combined temperature and pH
studies of several Antarctic taxa indicate that temperature
may have a stronger impact on survival and growth, but
that the effects of OA could be severe (e.g., increased rates
of abnormal development, sublethal effects). Such studies of
multiple stressors are essential to explore the capacity of
different species to adapt to future environmental changes.
However, our understanding on the potential impact of OA
on Antarctic marine calcifiers, including keystone organisms, is
still constrained by the limited mineralogical and biological data
available for most species. Furthermore, broader understanding
is also constrained by the limited geographical coverage of
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studies, lack of reliable long-term monitoring, and the overall
lack of multidisciplinary studies over longer times scales
integrating interactions between stressors and an array of species
with different mineral composition, functional, and life history
traits. In particular, other environmental and biological factors,
which may influence mineral susceptibility (such as organic
content, protective periostracum, physiological constraints in
cold waters), need further evaluation. These studies should also
incorporate natural variability to better understand the limits
to plasticity across organismal traits, populations and species
(Vargas et al., 2017). Understanding of ecosystem effects can be
improved through the use of in-situ OA studies over long times
scales, such as by using free-ocean CO2 enrichment (FOCE)
systems (Stark et al., 2018). Being semi-open systems, these not
only allow manipulation of pH, but also incorporate natural
variation in physicochemical variables, such as temperature
and salinity, thus creating realistic near-future OA conditions.
Recently, FOCE technology has successfully been implemented
in Antarctica (Stark et al., 2018) and other in situOA experiments
have been conducted (Barr et al., 2017; Cummings et al., 2019),
opening new possibilities for OA research in polar regions.
Finally, special attention should be paid to the use of standardized
protocols for experimental approaches (Cornwall and Hurd,
2016), the manipulation and reporting carbonate chemistry
conditions (Riebesell et al., 2010), in order to compare results
from different studies, improve reproducibility in experiments
(Williamson et al., 2020), and make predictions about how
OA may impact different groups. Building interdisciplinary
collaborations via projects such as the Census of Antarctic
Marine Life (CAML) is essential (Gutt et al., 2018) to successfully
perform OA research on and in remote and at risk regions
like Antarctica.
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