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Abstract Ocean acidiﬁcation and decreasing seawater saturation state with respect to calcium carbonate
(CaCO3) minerals have raised concerns about the consequences to marine organisms that build CaCO3
structures. A large proportion of benthic marine calciﬁers incorporate Mg2+ into their skeletons (Mg-calcite),
which, in general, reduces mineral stability. The relative vulnerability of some marine calciﬁers to ocean
acidiﬁcation appears linked to the relative solubility of their shell or skeletal mineralogy, although some
organisms have sophisticated mechanisms for constructing and maintaining their CaCO3 structures causing
deviation from this dependence. Nevertheless, few studies consider seawater saturation state with respect to
the actual Mg-calcite mineralogy (ΩMg-x) of a species when evaluating the effect of ocean acidiﬁcation on
that species. Here, a global dataset of skeletal mole % MgCO3 of benthic calciﬁers and in situ environmental
conditions spanning a depth range of 0 m (subtidal/neritic) to 5600 m (abyssal) was assembled to calculate in
situ ΩMg-x. This analysis shows that 24% of the studied benthic calciﬁers currently experience seawater
mineral undersaturation (ΩMg-x < 1). As a result of ongoing anthropogenic ocean acidiﬁcation over the next
200 to 3000 years, the predicted decrease in seawater mineral saturation will expose approximately 57% of all
studied benthic calcifying species to seawater undersaturation. These observations reveal a surprisingly high
proportion of benthic marine calciﬁers exposed to seawater that is undersaturated with respect to their
skeletal mineralogy, underscoring the importance of using species-speciﬁc seawater mineral saturation
states when investigating the impact of CO2-induced ocean acidiﬁcation on benthic marine calciﬁcation.
1. Introduction
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Rising atmospheric pCO2 and subsequent ocean acidiﬁcation are expected to result in a decrease in seawater
pH, carbonate ion concentration [CO32], and saturation state with respect to calcium carbonate (CaCO3)
minerals, which are predicted to have negative effects on marine biomineralization [Caldeira and Wickett,
2003; Doney et al., 2009]. This could negatively impact marine communities [Sewell and Hofmann, 2011]
and alter global biogeochemical cycles [Andersson, 2014] for which biogenic carbonate mineral production
and dissolution are important processes [Milliman, 1974; Opdyke and Wilkinson, 1993]. Marine biomineralization is the process by which pelagic and benthic organisms actively control and build CaCO3 structures such
as shells, tests, spines, and ossicles [e.g., Lowenstam and Weiner, 1989]. CaCO3 in marine organisms occurs in
various mineral forms or polymorphs, including the following: calcite, aragonite, Mg-calcite, and vaterite.
Many benthic calciﬁers use amorphous CaCO3 as a transient phase in mineralization, which has radically
different properties than its corresponding crystal polymorphs [Raz et al., 2000, 2003]. The mineral composition of biogenic CaCO3 is inﬂuenced by phylogeny and a number of external factors including temperature,
salinity, light, seawater Mg/Ca ratio, seawater carbonate chemistry, life stage, and food supply, which also
control growth rate [Mackenzie et al., 1983; Borremans et al., 2009; Ries et al., 2009; Ries, 2010].
Despite environmental effects, calcifying organisms exert strong controls on the construction and maintenance of calcareous structures through a wide range of mechanisms, although the extent of control is related
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to the organism’s speciﬁc mode of biomineralization and its energetic status [Lowenstam and Weiner, 1989].
For example, many calciﬁers have speciﬁc ion pumps that aid in creating favorable chemical conditions for
CaCO3 deposition (e.g., H+ pumps and HCO3 transporters) [Zoccola et al., 2015] and also deposit organic
matrices that regulate sites of crystal nucleation and growth [e.g., Lowenstam and Weiner, 1989; Dove et al.,
2003; Tambutté et al., 2011]. Recently, it has been proposed that seawater hydrogen ion concentration [H+]
plays a critical role affecting calciﬁers ability to construct new CaCO3 [e.g., Jokiel, 2011, 2013; Ries, 2011a],
but it is equally important to consider the susceptibility of marine organisms’ speciﬁc calcareous minerals
to decreasing seawater CaCO3 saturation state. For example, partial skeletal dissolution and/or weaker
calcareous structures could render calcifying organisms more vulnerable to predation and/or increase the
energetic demands of biomineralization [Findlay et al., 2011].
The seawater saturation state with respect to calcareous mineral phases (i.e., Mg-calcite) is deﬁned as
follows:

x
ð1x Þ 
Ωi ¼ Mg2þ
Ca2þ
CO3 2 =IAPi ;
(1)
where i is the mineralogy (e.g., calcite, aragonite, and Mg-calcite), x is the skeletal mole fraction of MgCO3
(if present), and IAPi is the ion activity product at equilibrium with respect to the speciﬁc mineral phase
[see Morse et al., 2006, and references therein]. Ωi is important because it governs, on the basis of equilibrium
thermodynamic principles, whether net formation (Ωi > 1) or dissolution (Ωi < 1) of CaCO3 is favored and
inﬂuences the relative rate at which these reactions proceed.
Many benthic calcite-producing organisms actively incorporate signiﬁcant amounts of Mg2+ into their
shells and skeletons during biomineralization (i.e., Mg-calcite). Mg-calcite with greater than 8–12 mol %
MgCO3 is more soluble than both pure calcite and aragonite [Morse et al., 2006]. Consequently, it has
been hypothesized that organisms with Mg-calcite structures exceeding these mole % MgCO3 values
could be the most vulnerable to ocean acidiﬁcation [Morse et al., 2006; Andersson et al., 2008]. Some
experimental results support this hypothesis and show that skeletal mineral solubility impacts calciﬁers’
relative susceptibility to ocean acidiﬁcation [Kuffner et al., 2008; Martin and Gattuso, 2009] while others
do not [Kroeker et al., 2010; Thomsen et al., 2010; Collard et al., 2015]. In an experiment that investigated
the impact of ocean acidiﬁcation on 18 species of marine calciﬁers spanning a range of CaCO3 polymorphs [Ries et al., 2009], ﬁve of the six species that exhibited net dissolution under the highest-CO2
treatment produced a skeleton from the relatively more soluble aragonite and high Mg-calcite polymorphs of CaCO3, rather than from the less soluble low Mg-calcite polymorph. In addition to skeletal
mineralogy, important factors that inﬂuence the susceptibility of organisms to ocean acidiﬁcation include
the following: the degree to which the organism’s biomineral is protected by organic coatings, its ability
to regulate pH and carbonate chemistry at the calciﬁcation site, its ability to utilize CO2 via photosynthesis, the shell microstructure, life history, nutritional status, and the physiological condition of the organism [Kuffner et al., 2007; Martin and Gattuso, 2009; Ries et al., 2009; Holcomb et al., 2010; Kroeker et al.,
2010; Andersson and Mackenzie, 2011].
Benthic Mg-calcite-secreting organisms, such as echinoderms, coralline algae, and crustaceans, dominate
many coastal areas, continental shelves, slopes, and abyssal plains at all depths, and serve important ecosystem and biogeochemical functions, including food supply, ecosystem engineering, carbon storage and
export, and elemental cycling [Lebrato et al., 2010; Meadows et al., 2012; Andersson, 2014]. Most studies to
date do not consider species-speciﬁc seawater mineral saturation state on evaluating organisms’ vulnerability to ocean acidiﬁcation but have interpreted undersaturation with respect to aragonite or calcite as a critical
threshold or “tipping point”, regardless of organisms’ mineral composition [McNeil and Matear, 2008;
Steinacher et al., 2009; Yamamoto-Kawai et al., 2009; Kroeker et al., 2010; Comeau et al., 2013; Dorey et al.,
2013]. This leads to an incomplete understanding of the inﬂuence of seawater carbonate saturation state
and the potential consequences of ocean acidiﬁcation on benthic marine calciﬁers and the biogeochemical
cycles in which they participate.
In this study, a global dataset of marine CaCO3-producing organisms was collected from the ﬁeld and from
existing literature. Their biomineral compositions were then analyzed (ﬁeld specimens) or compiled from
published studies. Species-speciﬁc seawater Ωi, based upon in situ seawater environmental data,
were then calculated for these specimens and then used to model future seawater Ωi. The objectives of
LEBRATO ET AL.
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Figure 1. Sample maps. (a) Sample and photo locations. (b) Global coverage of temperature, salinity, and [CO3 ] data
used to obtain the nearest value, in relation to organismal location, for calculating species-speciﬁc Ωi (NEAR 3-D).

the study were to (1) characterize the range of mineralogies of benthic Mg-calcite organisms living in the
intertidal/subtidal, neritic zones, continental shelves, slopes, and abyssal plains around the world; (2)
determine under what species-speciﬁc seawater Ωi conditions these organisms and mineral phases currently
exist; and (3) explore how these conditions could change as a result of future ocean acidiﬁcation predicted for
the next several hundred years. The results of this study have broad implications for the way that seawater
saturation state with respect to a particular carbonate mineral phase (Ωi) is calculated and applied in marine
science disciplines and for predicting the impacts of ocean acidiﬁcation on marine calciﬁers.

2. Materials and Methods
The organismal data used in this study were compiled from existing literature at the species level. A large
number of echinoderm species were also collected from around the world and analyzed for their Mg content
(Figure 1). The best approximation of in situ environmental and carbonate chemistry conditions was retrieved
for each sample location based on the GLODAP and WAVES databases [Key et al., 2004]. Details on literature
mining, data classiﬁcation, data analysis, and modeling are provided below. Detailed calculations and technical considerations involved in the calculation of seawater saturation state and solubilities for Mg-calcite
(Tables S1 and S2 and Figures S1–S5 in the supporting information), additional information about the
distribution of organismal and environmental samples (Tables S1 and S2 and Figures 1 and S2), the numerical
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modeling of the [CO32] reduction scenarios (Figure S4), and the master dataset (Tables S1–S4) are provided
in the Supporting Information (SI).
2.1. Literature-Based Mg-Calcite Data
All measurements of mole % MgCO3 of the investigated taxa and species (with the exception of the echinoderms, which were analyzed as part of the present study) were mined from the existing literature to generate
the most comprehensive and taxonomically broad Mg-calcite dataset presently available (Figure 1 and
Tables S1–S3). Most of the literature-based mole % MgCO3 data were determined by powder X-ray diffraction
and/or single collector inductively coupled plasma–mass spectrometry (ICP-MS) (Tables S2–4). The selection
criteria for data derived from the literature was that (i) the organism was identiﬁable at the species level, (ii)
weight % (wt %) or mole % MgCO3 were measured, and (iii) reliable geographic and depth information
were provided to link the species mole % MgCO3 with the seawater conditions for each sample location.
These data permitted calculation of species-speciﬁc seawater mineral saturation states. The following taxa,
identiﬁed at the species level were assessed in the present study (see Tables S1–S4 for additional taxonomic
and identifying information): Echinodermata—Asteroidea (49 species), Echinoidea (34 species), Ophiuroidea
(23 species), and Crinoidea (21 species); Rhodophyta—Corallinaceae (26 species); benthic Foraminifera
(12 species); Anthozoa—Hydrocorallia (3 species), Hexacorallia (12), and Octocorallia (35 species); Bryozoa
(10 species); Brachiopoda (8 species); Mollusca—Amphineura (1 species), Bivalvia (7 species), Cephalopoda
(3 species), Gastropoda (6 species), and Scaphopoda (1 species); and Crustacea—Cirripedia (5 species),
Amphipoda (1 species), Decapoda (8 species), Stomatopoda (1 species), and Isopoda (1 species).
2.2. Skeletal Mg-Calcite Measurements
Skeletal mole % MgCO3 data for the echinoderms were obtained through ICP-MS analysis of ﬁeld-collected
samples (Figure 1 and Tables S1–S4). Adult echinoderms were collected between years 2008 and 2011 from
2 to 1300 m depth in the Atlantic, Paciﬁc, Arctic, and Southern Oceans (methods detailed in Lebrato et al.
[2010] and McClintock et al. [2011]) (Tables S1 and S3). Note that these new analyses are unrelated to
Lebrato et al. [2010], where “whole bodies” were measured to determine total carbon content. Here only skeletal material without associated organic material was analyzed. Samples were stored at 20°C in ziplock
bags, freeze-dried for 48 h, and ﬁnally ground to powder. Percent MgCO3 was measured with a Varian 820
inductively coupled plasma–mass spectrometer (ICP-MS) at the University of North Carolina at Chapel Hill
(USA). A 0.5 g sample of pulverized material was digested for 2 h in Aqua Regia at 90°C. Duplicate samples
were run every 15 samples, and in-house secondary standards were run every 33 samples. Certiﬁed standards
and blanks were run every 68 samples. Antarctic samples were analyzed at Actlabs in Ancaster, Ontario,
Canada (methods described in McClintock et al. [2011]). In brief, frozen samples were thawed and dissected
and then soaked in 10% NaClO to remove organic matter. The remaining carbonate was vacuumed onto ﬁlter
paper, rinsed with Milli-Q water, and then dried at 50°C for 48 h. Percent MgCO3 was obtained using a
PerkinElmer inductively coupled plasma (ICP) atomic emission spectrometer. The samples were divided in
90 to 500 mg splits and dissolved in nitric acid (HNO3) and hydrochloric acid (HCl) in a molar ratio of 1:3
for 2 h at 95°C. Several U.S. Geological Survey standards were analyzed every 13 samples. Quality control
results of the ICP-MS work are summarized in Table S4.
2.3. Linking Mg-Calcite Measurements to In Situ Physical and Chemical Data
Each organismal sample and their corresponding mole % MgCO3 (either mined from the literature or measured
directly) was associated with a latitude, longitude, and depth, allowing compilation of approximate in situ
temperature, salinity, and carbonate chemistry data for each specimen (Table S2 and Figures 1 and S2).
These environmental properties were extracted to the nearest value in a 3-D matrix in the GLODAP dataset
[Key et al., 2004] using gridded station data from GLODAP/WAVES (http://cdiac3.ornl.gov/waves/discrete/) at
a global scale. A regional dataset in the North Atlantic Ocean [Dumousseaud et al., 2010] was used to study temporal changes in Mg-content of calcite and Ωi (Figure S5; see SI for details on how [CO32] was calculated).
These databases were used because they contain the most complete and accurate seawater carbonate chemistry data currently available for the purpose of the present study.
It is important to note that the ﬁeld data may not represent the exact in situ conditions experienced by the
organisms and do not account for variability owing to oceanographic and seasonal processes. The calculations represent temporal “snapshots”, with the actual species-speciﬁc seawater ΩMg-x varying throughout
LEBRATO ET AL.
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the year following environmental parameters that are discussed below (e.g., Figure 2). However, the variability in physical and chemical conditions at the depths considered here (seaﬂoor) is substantially smaller than
that experienced in the surface mixed layer. Also, the amplitude of seasonal variation is dampened as a function of decreasing latitude and increasing water depth.
ArcGIS 10.0 [Environmental Systems Research Institute, 2011] and the 3-D analytical tool “NEAR 3-D analysis”
were used to link environmental seawater conditions with the organisms’ parameters and mole % MgCO3.
This approach permitted evaluation of the diagonal distance between each organismal input parameter (latitude, longitude, and depth) and the nearest seawater datum (temperature (T), salinity (S), and [CO32]) at a
speciﬁc latitude, longitude, and depth. The the prerequisite for data adoption was a matching data set XYZ
(including organismal parameter) versus XiYiZi (including ambient seawater property). Both data sets were
plotted on a 2-D ﬁeld and merged into a single 3-D ﬁeld, and then the nearest seawater datum to the specimen was determined using a diagonal line in a 3-D matrix (Table S2). Additionally, each datum was individually checked to verify that the NEAR 3-D approach worked correctly. When the prediction was not sufﬁciently
accurate, the closest value was manually selected. This procedure ensured selection of the most relevant seawater parameters for a given biological specimen.
2.4. Seawater Ωi Calculations
Seawater saturation state with respect to calcite, aragonite, and calcite of a given mole % MgCO3 (ΩMg-x) was
calculated according to equation (1). Detailed calculations, equations, constants, and corrections for temperature, salinity, and hydrostatic pressure used for calculations of seawater Ωi with respect to all carbonate
mineralogies in this study are available in the SI. Corrections for the inﬂuence of temperature and pressure on
solubility were made in a manner similar to the correction of calcite solubility. This allows detailed seawater
Ωi approximations calcite of any Mg-content, thus going beyond the standard surface ocean conditions (e.g.,
total alkalinity, dissolved inorganic carbon, pH, temperature of 25 °C, salinity of 35) that are typically considered in calculating seawater Ωi for calcareous organisms [Morse et al., 2006; Andersson et al., 2008; Lavigne
et al., 2011, Seacarb software]. This approach represents a new method to approximate seawater Ωi for
Mg-calcite bearing organisms at any temperature, salinity, and pressure (depth). The corresponding equations are provided in an Excel spreadsheet, available from the corresponding author upon request.
Individual ion activity products (IAPi) employed in the ΩMg-x calculations were based on the biogenic “clean” and
biogenic “minimally prepared” experimental solubility curves (Figure S1) [Plummer and Mackenzie, 1974; Bischoff
et al., 1987]. The two curves differ in the way that the experimental materials were prepared. Although there is
currently insufﬁcient information to determine which experimental solubility curve best represents the solubility
of Mg-calcite mineral phases in the natural environment, several studies support the use of the minimally prepared solubility curve because it appears more compatible with complementary ﬁeld and experimental results
[Tribble et al., 1995; Andersson et al., 2007]. Therefore, results are presented that employ both solubility curves,
with discussion focused on results derived using the minimally prepared solubility curves (Figure S1).
2.5. Photographic Evidence for Calcifying Organisms Inhabiting Undersaturated Seawater
As a complement to the quantitative aspect of this study, photographs of benthic Mg-calcite organisms at
shelf, slope, rise, and abyssal depths in the Atlantic, Paciﬁc, Indian, and Southern Oceans were obtained
and analyzed to verify that Mg-calcite organisms live in waters from 0 to 5600 m and at ΩMg-x values near
or below 1 (Table S5). The photographs were obtained using video cameras mounted on remotely operated
or autonomous underwater vehicles, towed cameras, sled cameras, and still cameras [Lebrato and Jones,
2009; Eastman et al., 2013] (Table S5).
Each photograph was associated with a location (latitude, longitude, and depth) and environmental data
(T, S) obtained during the corresponding expedition (Table S5). If in situ T and S data were not available, data
were compiled along with in situ [CO32] using the previously described ArcGIS NEAR 3-D analysis technique
(including the manual check). Values of ΩMg-x were calculated for each organism at each location based on
mean skeletal mole % MgCO3 for the same species (when available), a similar species in the same class, or for
the geographically closest species available (according to latitude and depth; see Table S5 for assumptions
and data used). Although these qualitative data should be interpreted with caution, as organismal mineralogy is complex and highly variable, this approach yields insight into the distribution of ΩMg-x for benthic marine calciﬁers in the deep-sea (2000 to 5600 m). It should also be noted that the photos presented in Figure 6
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Figure 2. Seasonal changes in the skeletal mole % MgCO3 in the coralline alga Corallina squamata. The coralline Mg-calcite samples were obtained over 11 months at 5 m on the Dorset coast (UK, Atlantic Ocean) [Haas et al., 1935]. Calculated seawater Ωi is
plotted over time, with seasonal variations in skeletal mole % MgCO3 driven by seasonal variability in seawater temperature.
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represent only a small subset of all images used in this analysis. However, all sampling locations for which
photographs were obtained are plotted in Figure 6, with corresponding data provided in Table S5.
2.6. Modeling of [CO32] Decrease to Predict Future Ωi
In order to better understand how oceanic Ωi will change in the future in response to increasing pCO2 and
temperature, [CO32] was calculated for surface and bottom waters at future time points using the UVic
Earth System Model [Keller et al., 2012] (Figure S4). CO2 emissions were forced with the Representative
Concentration Pathway 8.5 scenario, which is a “business-as-usual”, high-CO2-emission scenario [Keller
et al., 2014]. Decreases in [CO32] of 20 and 50% from modern values were used to estimate the timing of
these scenarios for the surface and seaﬂoor (20% sfc: 2050–2065; 20% sﬂ: 2150–2700; 50% sfc:
2090–2120; 50% sﬂ: 2500–3000+; white areas in the ﬁgure maps are beyond year 3000; Figure S4). The
output represents the globally averaged change in [CO32] over time for surface and bottom waters. The
years provide an approximation of this change because [CO32] in deeper water masses decline at a slower
rate than in surface waters (see Figures 4 and S4). The model projections include the impact of anthropogenic
CO2 invasion as well as the effect of increasing ocean temperature on this process.

3. Results
3.1. Percent MgCO3 of organisms’ Mg-Calcite
The Mg content of the organisms in the global dataset ranged from < 1 to > 27 mole % MgCO3, varying signiﬁcantly among and within phyla, classes, and species (Figure 3a). The lowest mean mole % MgCO3 content was
observed in the class Anthozoa (Hydrocorallia and Hexacorallia) and phylum Mollusca (Bivalvia, Amphineura,
Scapopoda, and Gastropoda) with a mean [±SD (standard deviation)] of 1.96 ± 3.80 and 1.27 ± 1.33 mol %
MgCO3, respectively. The highest mole % MgCO3 was observed in the Rhodophyta (coralline algae, mainly
Corallinaceae) with a mean (±SD) of 16.29 ± 5.02 mol % MgCO3, but this phylum also showed the greatest range
from 7.11 to 27.27 mol % MgCO3. Large variability was also observed within Echinodermata (Classes Asteroidea,
Echinodea, Ophiuroidea, and Crinoidea), Protista (Foraminifera), Anthozoa (Octocorallia), Bryozoa, Mollusca
(Cephalopda), and Crustacea (Decapoda), ranging from 0.40 to 18.14 mol % MgCO3 (Figure 3a).
In general, the Mg content of organisms with greater than 5 mol % MgCO3 followed an inverse parabolic distribution as a function of latitude, with decreasing Mg content toward the poles (Figure 3b). In contrast,
organisms with less than 5 mol % MgCO3 showed no apparent trend as a function of latitude. Considering
Mg content as a function of depth, large variability was observed between 0 and 200 m (0.19 to 27.26 mol
% MgCO3), there were almost no occurrences of organisms with greater than 16 mol % MgCO3 between
100 and 200 m, and there were no organisms with greater than 9 mol % MgCO3 below 600 m (Figure 3c).
Organisms containing less than 5 mol % MgCO3 were mainly observed between 0 and 100 m, with a few
observations at 700 m. The rare occurrence of organisms with < 5 mol % MgCO3, compared to organisms
with a higher Mg content, at depths greater than 100 m is puzzling and raises questions about whether this
reﬂects a true biological pattern or is simply a sampling artifact. Similarly, measurements of mole % MgCO3 of
organisms collected from depths greater than 1000 m were uncommon in the literature (only seven samples
from 1000 to 4000 m, excluding the photo analysis), although there is ample evidence that Mg-calciteproducing organisms exist at these depths [Sokolova, 1972; Gage and Tyler, 1991].
3.2. Species-Speciﬁc Seawater Ωi Under Present Conditions in Benthic Habitats
Seawater saturation states with respect to calcite (ΩCal.) and aragonite (ΩArag.) exhibited an inverse parabolic
relationship from pole-to-pole at all depths (i.e., lower seawater saturation at high latitudes), with ΩCal. ranging from 1.1 to 7.7 and ΩArag. ranging from 0.7 to 5.1 from high to low latitudes (Figure 4; 0.3% to 1.5%
of locations were less than 1 with respect to ΩCal. and ΩArag., respectively). In general, the location-speciﬁc
seawater ΩCal. and ΩArag. decreased with depth, a trend driven by decreasing [CO32] related to increasing
respiratory CO2 in the water masses, and increasing solubility owing to increasing pressure and decreasing
temperature (Figure 5). In contrast, at depths <200 m, seawater ΩCal. and ΩArag. ranged from 2.1 to 7.7 and
from 1.4 to 5.1, respectively, with the broad range resulting from the large temperature variation (0.86 to
39.38°C) as a function of latitude (Table S1 and Figure 5). For depths greater than 1000 m, seawater ΩCal.
and ΩArag. were always below 2 (except in one case), with most values very near or below 1 (Figures 5 and 6).
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Figure 3. Patterns of Mg-calcite skeletal mineralogy. (a) Box plots of skeletal mole % MgCO3 of all taxa investigated in this study (n = sample size for each taxon),
including minimum and maximum values (box edges), outliers (circles), and the mean value (red line inside the boxes). The vertical black dotted line in Figure 3a
represents 5 mol % MgCO3 (Figure 3b; red = <5 mol % MgCO3; green = >5 mol % MgCO3). Also included are trends of skeletal mole % MgCO3 by (b) latitude and
(c) depth. See Tables S1–S3 for additional information about skeletal/shell mineralogy.

If one were to consider seawater ΩMg-x for any speciﬁc Mg-calcite phase (e.g., 15 mole % MgCO3), the shape
of the ΩMg-x latitudinal trend would be similar to trends observed for aragonite and calcite (Figures S3d and
S3e). Considering the species-speciﬁc seawater ΩMg-x for these samples, however, there were no obvious
latitudinal trends due to the differing mineralogies (solubilities), temperatures, and depths (pressure and
[CO32] effects; Figures 3–5, Table S1, and Figures S2 and S3). For Mg-calcite containing < 5 mole %
MgCO3, the species-speciﬁc ΩMg-x ranged from 2.1 to 6.8 at depths less than 1000 m, with no obvious trend
toward higher latitudes. For Mg-calcite containing > 5 mol % MgCO3, the species-speciﬁc ΩMg-x ranged
from 0.3 to 5.8 at depths less than 1000 m. A total of 24.1% of the species were exposed to seawater
ΩMg-x < 1 across all studied latitudes and depths. Although there was no clear trend of seawater ΩMg-x with
latitude, a greater proportion of the low-latitude species were found inhabiting undersaturated conditions
(22.1% were exposed to seawater ΩMg-x < 1; Figures 4 and 5 bottom panels) when compared with the
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Figure 4. Calcite, aragonite, and taxon-speciﬁc seawater-Ωi patterns versus latitude. Seawater-Ωi is calculated using the organisms’ skeletal mole % MgCO3 and their in situ
2
seawater conditions in the modern and future ocean, with [CO3 ] reduced by 20% in years 2050–2065 (surface) and 2150–2700 (seaﬂoor), and by 50% in years 2090–2120
(surface) and 2500–3000+ (seaﬂoor). The dotted lines represent equilibrium Ωi (i.e., Ωi = 1), below which mineral dissolution theoretically begins pursuant to the principals of
equilibrium thermodynamics. The percentages of taxa living in undersaturated conditions with respect to their species-speciﬁc mineralogies (i.e., Ωi < 1) are shown in blue.

high-latitude species (2%). The highest proportion of species exposed to undersaturation was observed
at depths <2000 m, and especially at depths <200 m in the coastal zones (Figure 4). Seawater undersaturation for most species appears to extend from depths of 2000 to 5600 m (90% of the taxa at these
depths; Figures 3 and 4). The range of values for species-speciﬁc seawater ΩMg-x decreased as a function
of depth.
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Figure 5. Taxon-speciﬁc seawater-Ωi patterns versus depth. Seawater-Ωi is calculated using the organisms’ ambient seawater
2
conditions and the skeletal mole % MgCO3 in the modern and future ocean, with [CO3 ] reduced by 20% in years 2050–2065
(surface) and 2150–2700 (seaﬂoor), and by 50% in years 2090–2120 (surface) and 2500–3000+ (seaﬂoor). The dotted lines
represent equilibrium Ωi (i.e., Ωi = 1), below which mineral dissolution theoretically begins pursuant to the principals of
equilibrium thermodynamics. The percentages of taxa living in undersaturated conditions with respect to their speciesspeciﬁc mineralogies (i.e., Ωi < 1) are shown in blue.
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Figure 6. Calcareous organisms at shelf, slope, rise, and abyssal plain (Ophi: Ophiuroidea, Echi: Echinoidea, Ast: Asteroidea, Holoth: Holothuroidea, Cnida: Cnidaria, Crin: Crinoidea, Crust: Crustacea;
see Table S5 for all species). Composite photographs from the Atlantic, Paciﬁc, Indian, and Southern Oceans from 0 to 5600 m depth in the modern ocean (complete results in Table S5). In situ ΩMg-x
was calculated using Mg content of the specimen imaged in the photograph. For photos lacking physical specimens, in situ ΩMg-x was calculated using mean Mg content of other individuals of the
same species (when available), of the closest available species (according to latitude and depth), or of other species within the same class. In situ seawater parameters were obtained from a NEAR 3-D
analysis (see section 2). Ambient seawater conditions along with calculated seawater pHtotal and CO2 are presented in Table S5. The plot on the right side shows the calculated seawater Ωi proﬁles for
all specimens (calcite, aragonite, and Mg-calcite) with depth, revealing that most higher Mg-calcite-producing organisms are inhabiting seawater that is undersaturated with respect to their shell
mineralogy across all four facies (shelf, slope, rise, abyssal plain). Pink dotted line represents equilibrium Ωi (i.e., Ωi = 1), below which mineral dissolution theoretically begins pursuant to the principals
of equilibrium thermodynamics. Data represent modern ocean conditions.
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3.3. Species-Speciﬁc Seawater Saturation States Under Future Conditions in Benthic Habitats
To project species-speciﬁc ΩMg-x into the future, two scenarios anticipated for years 2050–2065 (surface)/
2150–2700 (seaﬂoor) and 2090–2120 (surface)/2500–3000+ (seaﬂoor) were assessed. In these scenarios,
the general trends of seawater Ωi with respect to calcite, aragonite, and Mg-calcite, remained the same as
a function of latitude and depth compared with the present-day ocean, but at lower saturation states
(Figures 4 and 5). In response to a 20% decrease in [CO32], almost all locations were supersaturated with
respect to calcite, 2.8% were undersaturated with respect to aragonite, and 34.3% were undersaturated with
respect to species-speciﬁc ΩMg-x across all studied latitudes and depths. A 50% reduction in [CO32] resulted
in seawater undersaturation at 3.4% of locations for calcite, 22.2% for aragonite, and 57.1% for speciesspeciﬁc ΩMg-x across all studied latitudes and depths, with seawater undersaturation for all species between
2000 and 5600 m depth.

4. Discussion
At present, a surprisingly high proportion of benthic marine calcifying species (24.1% across all studied
latitudes and depths, and 90% below 2000 m; Figures 5 and 6) are inhabiting seawater that is undersaturated
with respect to their species-speciﬁc mineralogy, especially at low latitudes (equatorial). These taxa are primarily coralline algae, crinoids, and octocorals, with Mg content that is typically greater than 14 mol %
MgCO3, (Figure 4, bottom panels). High (polar) latitude oceans, in contrast, contain a lower proportion of species living in seawater undersaturated with respect to their species-speciﬁc mineralogies because their overall mole % MgCO3 is lower than at tropical latitudes, although many appear to exist close to a metastable
equilibrium with seawater (i.e., ΩMg-x = 1). Given the relatively stable conditions in seawater carbonate
chemistry experienced for hundreds of thousands of years prior to the Industrial Revolution [Zeebe, 2012],
it appears that many organisms have been living at or below equilibrium (ΩMg-x ≤ 1) for an extended time.
It can therefore be assumed that marine benthic calciﬁers have long possessed physiological adaptations
that allow them to build and maintain calcareous structured under such low ΩMg-x conditions. Other environmental properties (e.g., food availability) may also help or hinder organisms’ ability to overcome negative
effects of low seawater ΩMg-x in these environments.
Yet, the question remains as to how marine benthic calciﬁers inhabiting seawater of ΩMg-x < 1 maintain
and build their calcareous structures, which based upon thermodynamic principles, should dissolve.
Many benthic species have calcareous skeletons and/or shells that are covered with tissue and/or organic
compounds while the organisms are alive (e.g., periostraca, epicuticles, and epiderma) that isolate and
separate the Mg-calcite from seawater to protect the structures from dissolution [Ries et al., 2009]. The protective value of organic coatings is apparent after the organism dies, as unprotected shells and skeletons
tend to dissolve rapidly [McClintock et al., 2009] and often do not become part of the sedimentary record
in most modern marine environments (excluding carbonate platforms and coral reef environments). This is
pronounced in polar waters and the deep sea, where seawater tends to be highly corrosive to carbonate
minerals [Waldbusser et al., 2011; Walker et al., 2013]. Organisms that have access to a regular and adequate
supply of energy via heterotrophy and/or photosynthesis are also more likely to overcome constraints
imposed by low seawater ΩMg-x [Sokolova, 1972; Holcomb et al., 2010; Smith et al., 2013; Castillo et al.,
2014]. For example, mollusks in the Kiel Fjord (Baltic Sea) thrive and spawn under chemically unfavorable
conditions (very high CO2) because these conditions coincide with a large, seasonal food supply connected
to regional upwelling [Thomsen et al., 2010]. Similarly, the high energy available at low latitudes, due to
higher irradiance and, thus, higher rates of photosynthesis, probably explain why many coralline algae with
high Mg-calcite content (14 to 27 mol % MgCO3) are able to thrive despite species-speciﬁc seawater undersaturation (Figures 3 and 4). Furthermore, organisms living in low ΩMg-x conditions may be able to reallocate energy to maintain calciﬁcation, but at the expense of other functions, such as growth, energy storage,
and reproduction [Wood et al., 2008; McCulloch et al., 2012; Dupont et al., 2013]. Observations also suggest
that deep-sea and some polar Mg-calcite organisms tend to have softer body structures and thinner
skeletons than elsewhere, but it is unknown whether this is a consequence of hydrostatic pressure, low
temperature, seawater carbonate chemistry, low predation, or any other factor or combination of factors
[Gage and Tyler, 1991; Aronson et al., 2007; Watson et al., 2012] (Figure 6).
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The observation that many marine calciﬁers inhabit depths that are undersaturated with respect to their
species-speciﬁc mineralogies (Figure 6 and Table S5) suggests that they are utilizing compensatory physiological mechanisms to cope with undersaturated conditions. The Mg content of shallow water coralline algal
calcite varies on monthly timescales by up to 2 mol % (Figure 2) [Haas et al., 1935]. This translates to shifts
in seawater ΩMg-x from 1.20 in November to 1.90 in February of the same year (and back to 1.20 in
October) in coastal waters of the UK, corresponding to a greater than 50% change (Figure 2). Although these
annual changes in Mg content should confer additional resilience during colder months of the year, it is
presently unclear whether this is an active survival strategy or a passive thermodynamic or kinetic response
to ﬂuctuations in seawater temperature and [CO32].
Thermodynamic principles suggest that marine organisms require more energy to biocalcify under more
acidic conditions. Thus, organisms’ speciﬁc responses to ocean acidiﬁcation should be dictated by their
energy budgets and whether there are thresholds beyond which they cannot divert additional energy from
other physiological functions without negative consequences to their overall ﬁtness [Dupont et al., 2013]. It
has also been shown that some marine calciﬁers, such as whelks and coralline red algae, deposit increasingly
stable mineral phases (decrease in Mg content) in response to ocean acidiﬁcation (see also Figure 2 for temporal changes), while others (e.g., calcareous serpulid worms) deposit increasingly less stable mineral phases
in response to ocean acidiﬁcation, and still others (e.g., urchins, lobsters, crabs, and shrimp) show no mineralogical response to ocean acidiﬁcation [Ries, 2011b].
As seawater ΩMg-x changes in benthic ecosystems as a function of depth and latitude, some organisms may
adapt to ocean acidiﬁcation by progressively migrating to nearby regions of higher seawater saturation state.
For example, it was observed that 95% of all deep-sea corals live at depths above the aragonite saturation
horizon [Guinotte et al., 2006]. Nonetheless, it is likely that some taxa will not be able to tolerate decreasing
saturation states and could suffer signiﬁcant mortality and population declines, as did certain benthic foraminifera during the Paleocene-Eocene Thermal Maximum ocean acidiﬁcation event [Hönisch et al., 2012;
Clarkson et al., 2015]. Calcareous organisms with <5 mol % MgCO3 from the present dataset that inhabit
depths shallower than 4000 m will remain in supersaturated seawater conditions even after a 50% decline
in seawater [CO32] (Figures 4 and 5), potentially providing them with a competitive advantage over calciﬁers
with a higher mole % MgCO3. Note though that seawater chemistry varies between the ocean basins and, in
general, seawater Ωi = 1 occurs at a much shallower depth in the Paciﬁc Ocean compared to the Indian and
Atlantic Oceans [Andersson, 2014]. The present study shows that many shallow-water Mg-calcite organisms, and
most deep-sea Mg-calcite organisms inhabiting waters deeper than 2000 m, already inhabit undersaturated seawater, suggesting that they have evolved the biological and physiological mechanisms needed to survive in seawater ΩMg-x ≤ 1. It should be emphasized, however, that it remains unknown how such deep-sea calciﬁers will
respond to the rapid declines in seawater ΩMg-x accompanying anthropogenic ocean acidiﬁcation, as these organisms generally originated in environments when seawater saturation state was relatively stable, albeit low [Gage
and Tyler, 1991].
To accurately predict the impacts of ocean acidiﬁcation on benthic marine taxa and ecosystems, it is critical to
determine whether there are thresholds or so-called tipping points (or points-of-no-return) in organisms’
responses [Hall-Spencer et al., 2008]. Some studies have suggested ΩArag. = 1 as a tipping point, but this value
is not theoretically appropriate for taxa with skeletons that are more (or less) soluble than aragonite [Feely
et al., 2004; Hall-Spencer et al., 2008; McNeil and Matear, 2008; Steinacher et al., 2009; Yamamoto-Kawai
et al., 2009; Kroeker et al., 2010] (Figures 4–6 and S1 and S3). This study highlights the need to consider
species-speciﬁc ΩMg-x in assessing tipping points in biological responses to ocean acidiﬁcation.
Our ability to predict calcareous organisms’ responses to ocean acidiﬁcation is hindered by a poor understanding of the physiological controls on Mg incorporation into calcareous structures, especially in relation
to changes in seawater [CO32]. We also have limited knowledge of the role that Mg incorporation plays in
the formation and stabilization of amorphous calcium carbonate, which appears to be a transient phase in
some modes of biological mineralization, and how this mineral phase is impacted by changes in seawater
carbonate chemistry [Raz et al., 2000, 2003]. Experiments and ﬁeld observations have indicated that Mg content in some taxa can change as a function of seawater [CO32] on monthly to seasonal timescales, although
cause and effect remain elusive [Haas et al., 1935; Agegian, 1985; Ries, 2011b; Williamson et al., 2014] (Figure 2).
Thus, it is important to recognize that ﬂuctuations in some seawater carbonate system parameters, for example,
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on a seasonal basis, will increase as the buffering capacity of seawater decreases with ocean acidiﬁcation
[Riebesell et al., 2009; Melzner et al., 2013]. Predicting the effects of ocean acidiﬁcation on biomineralization in
Mg-calcite organisms and higher-level effects on benthic ecosystems requires a better understanding of how
these organisms produce their shells and skeletons, how seawater ΩMg-x relates to organismal ﬁtness, a reassessment of the solubility of biogenic Mg-calcite mineral phases, and a better understanding of the controls
of Mg incorporation in calcareous biominerals.

5. Conclusion
The primary conclusions of the research are as follows:
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1. The ΩCal. and ΩArag. are not appropriate estimates for the saturation state of seawater with respect to
Mg-calcite biominerals because they do not account for the Mg content of the calcite, which will effectively increase its solubility. Thus, species-speciﬁc ΩMg-x should be calculated from that species’ actual
mole % MgCO3, pursuant to the equation: ΩMg-x = {Mg2+}x{Ca2+}(1-x){CO32}/IAPi, where x is the mole fraction of Mg in substitution for Ca in the calcite lattice.
2. The Mg content for a global compilation of calcite-producing benthic marine organisms increases from
pole to equator (i.e., inverse parabolic pattern from pole-to-pole).
3. The calculated ΩMg-x for a global compilation of calcite-producing benthic marine organisms with skeletons containing <5 mol % MgCO3 exhibits no systematic variation with latitude, while calculated ΩMg-x for
calciﬁers with >5 mol % MgCO3 decreases from pole to equator (i.e., parabolic pattern from pole-to-pole).
4. At present, 24% of the studied calcite-producing benthic marine organisms experience seawater undersaturation (ΩMg-x < 1) worldwide, with a surprisingly higher proportion in tropical waters (~95%) versus
polar waters (~5%), apparently owing to the increasing trend in Mg content of biogenic calcite from pole
to equator. Most deep-sea Mg-calcite-producing organisms (>1200 m) also experience seawater undersaturation under present-day pCO2.
5. As a result of increasing pCO2 and decreasing [CO32] (by up to 50% over the next 3000 years), between
34 and 57% of the surveyed marine calciﬁers (including all mineralogies) across all latitudes and depths
will experience seawater undersaturation.
Future work should aim to empirically constrain the stoichiometric solubilities of biogenic Mg-calcite, the
controls on Mg incorporation in biogenic calcite, seasonal and spatial variability of Mg in biogenic Mg-calcite,
and the vulnerability of Mg-calcite-producing organisms to future ocean acidiﬁcation and warming—the
latter of which can now be informed by estimates of species-speciﬁc ΩMg-x established through the
present contribution.
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