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Abstract Correlations between aragonite saturation state (ΩAr) and calcification have been identified in
many laboratory manipulation experiments aiming to assess biological responses to ocean acidification (OA).
These relationships have been used with projections ofΩAr under continued OA to evaluate potential impacts
onmarine calcifiers. Recent work suggests, however, that calcification in some species may be controlled by the
ratio of bicarbonate to hydrogen ion, or the substrate-to-inhibitor ratio (SIR), rather thanΩAr. SIR andΩAr are not
always positively correlated in the natural environment, which means that ΩAr can be a poor indicator of the
calcifying environment when ΩAr->1. Highly variable carbonate chemistry in the coastal zone challenges our
ability to monitor fluctuations inΩAr, SIR, and theΩAr-SIR relationship making it difficult to assess biological OA
exposures and vulnerability. Careful consideration of natural variability throughout ocean environments is
required to accurately determine the influence of OA on biological calcification.

1. Introduction

The declining pH of ocean surface waters caused by anthropogenic carbon dioxide (CO2) absorption, com-
monly referred to as ocean acidification [Doney et al., 2009; Ciais et al., 2013], is observable throughout the
global open ocean [e.g., Bates et al., 2014; Sutton et al., 2014; Lauvset et al., 2015]. The dramatic rate and spatial
scale over which ocean acidification (OA) is occurring has led to an eruption of scientific inquiry into how bio-
logical organisms will be impacted by changing marine chemistry [e.g., Fabry et al., 2008; Guinotte and Fabry,
2008; Hoegh-Guldberg et al., 2008; Doney et al., 2009; Hofmann et al., 2010; Kroeker et al., 2010, 2013; Gattuso
and Hansson, 2011; see Browman, 2016]. Over the past decade, the first direct links between OA and biologi-
cal calcification in the natural environment were made in the Pacific Northwest, spurring local action to
address the issue [Adelsman and Binder, 2012; Barton et al., 2012, 2015; Waldbusser et al., 2014]. As more
scientists engage in biological OA research and adaptation strategies are pursued, there is a critical need
to develop consistent approaches and outline key parameters that must be monitored, particularly in the
coastal zone where most biological OA manipulations studies take place.

Perhaps the most confounding area of OA research at present is the dissimilarity in perspectives between
(and among) biologists and chemists regarding which inorganic carbon parameter most accurately reflects
the influence of OA on marine calcifiers. From the biological perspective, recently summarized by Roleda
et al. [2012] and Cyronak et al., 2015a, it is recognized that most calcifying marine organisms use CO2 and
bicarbonate ion (HCO3

�) as substrates for calcification rather than carbonate ion (CO3
2�). In the perspective

dominated by chemists, however, CO3
2� is almost exclusively relied upon as a proxy to infer environmental

calcification conditions [e.g., Kleypas et al., 1999;Orr et al., 2005; Hoegh-Guldberg et al., 2008; Doney et al., 2009;
Barton et al., 2012; Waldbusser and Salisbury, 2014; Waldbusser et al., 2014]. This nuanced disparity in view-
points has largely gone unnoticed in the OA literature until recently and is currently being debated through
journal forums [Cyronak et al., 2015a, 2015b;Waldbusser et al., 2015a]. Weighing heavily in this discussion is a
recent publication by Bach [2015], which unveils more complexity to the biological calcification arena and
calls into question the presently held, chemical view of how ongoing OA may impact some calcifying organ-
isms in the future.

Here we expand upon the insights of Bach [2015], projecting the open ocean implications of his framework
onto the coastal zone where we identify dramatically different characteristics of the chemical environment.
In particular, we expose extreme challenges in conducting and accurately interpreting biological OA
calcification experiments that rely upon seawater taken from near shore where the magnitude and frequency
of carbonate system variations are high, causing unpredictable chemical conditions that may explain
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discrepancies across experimental results. Finally, we discuss limitations in using metrics that include only
partial information about seawater carbonate chemistry as indicators of the calcification environment and
encourage the use of more complete chemical information to promote better understanding of how
calcifiers may be impacted by ongoing and future OA.

2. Background and Theory

Calcium carbonate (CaCO3) is a mineral excreted by calcifying marine organisms to build rigid structures or
shells, commonly precipitated as the calcite or aragonite mineral phase [Fabry et al., 2008; Roleda et al.,
2012]. When the mineral phase is in equilibrium with surrounding seawater, the concentration product of
calcium (Ca2+) and CO3

2� ions in solution is equal to the temperature-, pressure-, and salinity-dependent
apparent solubility product (Ksp′) [Mucci, 1983]:

Ksp’ ¼ Ca2þ
� �

CO3
2�� �

(1)

Ksp′ is empirically derived and unique to each mineral phase, with aragonite being more soluble than calcite.
The concentration of calcium ([Ca2+]) is generally conservative in seawater and therefore scales with salinity,
so the solubility of calcite and aragonite is primarily dependent on [CO3

2�] in the ocean. Because declining
surface ocean pH results in declining [CO3

2�] and numerous organisms make their shells out of CaCO3 [Orr
et al., 2005; Doney et al., 2009], the solubility of this mineral is of interest to the OA and shellfish grower
communities [Barton et al., 2015]. In these communities, saturation state (Ω) is a commonly used parameter
to summarize the stability of each CaCO3 mineral phase in the environment:

Ω ¼ Ca2þ½ � CO3
2�� �

Ksp’
(2)

Here [CO3
2�] and [Ca2+] represent the in situ concentrations of carbonate and calcium ions in seawater. If the

in situ concentration product is equal to or larger than the apparent solubility product, Ω is ≥ 1 and the spe-
cific mineral phase will be stable in the environment. If the concentration product is smaller than the appar-
ent solubility product,Ω is< 1 for the specific mineral phase and environmental conditions will be conducive
to CaCO3 dissolution. When Ω< 1, the term “net calcification” is used to describe the sum of simultaneous
calcification and dissolution. When Ω is ≥ 1 and dissolution is not thermodynamically favorable, net calcifica-
tion is equivalent to calcification, though observations of dissolution occurring atΩ values slightly above 1 do
exist [e.g., Bednaršek et al., 2014; Kwiatkowski et al., 2016].

From a purely chemical perspective, CaCO3 is produced from the reaction of Ca2+ with CO3
2�; however, mar-

ine organisms play an active role in calcification and often facilitate transport of HCO3
� or CO2 to the internal

site of calcification, rather than CO3
2� [e.g., Nicol, 1967; Roleda et al., 2012; Cyronak et al., 2015b]. Nevertheless,

the strong positive correlation observed between [CO3
2�] and various metrics of calcification and net calci-

fication in numerous biological OA manipulation experiments [e.g., Langdon et al., 2000; Riebesell et al., 2000;
Leclercq et al., 2002; Marubini et al., 2003; Schneider and Erez, 2006; Gazeau et al., 2007, 2011; Comeau et al.,
2010; Barton et al., 2012; Keul et al., 2013; Waldbusser et al., 2014] has led to the use of [CO3

2�] (or Ω) as an
indicator of future OA impacts on marine calcifiers [e.g., Kleypas et al., 1999; Gattuso and Buddemeier, 2000;
Feely et al., 2004; Orr et al., 2005; Hoegh-Guldberg et al., 2008; Albright et al., 2016; see Jokiel, 2016; Mongin
et al., 2016]. In most cases, these studies suggest or project negative impacts on calcification at Ω values> 1,
which is not consistent with the concept of mineral stability as a threshold. In particular, the perceived impli-
cations of this empirical relationship have now been extrapolated to the entire United States coastline where
projections of sea surface Ω values under future OA conditions were used to estimate vulnerabilities of
coastal communities that depend on shellfish economies [Ekstrom et al., 2015]. It is possible, however, that
the relationship between [CO3

2�] and calcification does not reflect causation and is instead a correlation
artifact [Jokiel, 2011, 2013; Bach, 2015; Thomsen et al., 2015]. Bach [2015] recently pointed out that for many
biological OAmanipulation experiments where strong positive correlations were found between [CO3

2�] and
various metrics of calcification [Schneider and Erez, 2006; Gazeau et al., 2011; Keul et al., 2013], equal or
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stronger correlations could be achieved using the ratio of [HCO3
�] to hydrogen ion concentration ([H+]),

referred to as the substrate-to-inhibitor ratio, or SIR:

SIR ¼ HCO3
�½ �

Hþ½ � (3)

where [HCO3
�] reflects the abundance of substrate in external seawater that is available for transport to the

internal site of calcification and [H+] reflects the proton gradient against which internal H+ by-products of
calcification must be extruded, hence inhibitor [Bach et al., 2011, 2013, 2015; Jokiel, 2011, 2013; Taylor
et al., 2011; Bach, 2015; Thomsen et al., 2015]. Changes in the ratio of the substrate-to-inhibitor (SIR) influence
the organism’s ability to precipitate CaCO3—in addition to other environmental variables such as tempera-
ture, nutrient concentrations, and light [Bach et al., 2015]. Under this construct, higher SIR values suggest
more favorable calcification conditions and, since CO3

2� is not a substrate for calcification, Ω may only
provide pertinent information when Ω< 1 and conditions are conducive to shell dissolution [e.g., Cyronak
et al., 2015a]. While some of the details regarding the SIR hypothesis are actively being debated in regard
to bivalve sensitivities [Cyronak et al., 2015a, 2015b; Thomsen et al., 2015; Waldbusser et al., 2015a] and the
theory will require further investigation across a range of environmental conditions and on organisms other
than bivalves, corals [Jokiel, 2011, 2013, 2016], and coccolithophores [Bach et al., 2011, 2013, 2015; Bach,
2015], this paradigm challenges the canonical view that a lower Ω categorically equates to a less ideal
calcification environment when Ω> 1.

The importance of this new perspective lies in the interpretation of how future OA will impact marine calci-
fiers. For most marine surface waters, [CO3

2�] andΩ are strongly temperature dependent [Jiang et al., 2015],
while SIR is only minimally influenced by temperature (Figures 1a–1c). This results in a large latitudinal gra-
dient in [CO3

2�] and Ω at the ocean surface, with lower values near the poles, and a very small latitudinal

Figure 1. Temperature dependencies of (a) [H+], [HCO3
�], and [CO3

2�] in percent change relative to�1°C, (b)ΩAr, and (c)
SIR in units of mol μmol�1. Colored lines represent the carbonate chemistry conditions noted to the right of the figure
where pCO2 was held at 400 μatm and TA was varied from 1600 to 2600 μmol kg�1, then TA was held at 2100 μmol kg�1,
and pCO2 was varied from 200 to 100 μatm. Boxes in Figure 1c highlight SIR values that correspond to boxes in Figure 1b,
where ΩAr = 2 across the temperature range. (d) ΩAr versus SIR with regression R values given. Gray symbols in each plot
are data from three NOAA surface moorings: the Kuroshio Extension Observatory (KEO) and Ocean Station Papa (OSP) in
the open North Pacific Ocean, as well the Cape Elizabeth (CE) mooring on the outer coast of Washington State. The number
of observations (# Obs) from each mooring is noted to the right of the figure.
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gradient in SIR [Bach, 2015, Figures 5 and 6]. As the ocean continues to absorb anthropogenic CO2, the rela-
tive increase in [HCO3

�] will be minimal compared to that of [H+] [e.g., Bach, 2015, Figure 1A], causing SIR to
decrease slowly with time. SIR changes will be nearly uniform across latitudes due to the global nature of OA,
with minor differences that arise from the meridional gradient in ocean buffer capacity [Revelle and Suess,
1957; Sabine et al., 2004]. According to Bach’s [2015] theory, we would not expect to see significant reductions
in calcification at the high latitudes relative to the low latitudes. On the other hand, [CO3

2�] andΩ will main-
tain a strongmeridional gradient as they decline under future OA, with the high latitudes reachingΩ< 1 long
before the tropics [Orr et al., 2005]. Thus, the earliest, definitive signs of OA impacts on surface-dwelling, cal-
cifying organisms may come from enhanced dissolution at high latitudes, rather than reduced calcification,
and may only be observable once Ω< 1 [Bach, 2015].

3. Carbonate System Dynamics in the Coastal Zone

In addition to the global-scale implications of the SIR theory, there is another layer of complexity that could
greatly influence interpretations of biological OA manipulation experiments attempting to assess calcifica-
tion responses. The carbonate system is principally defined by four commonly measured parameters:
dissolved inorganic carbon (DIC), total alkalinity (TA), partial pressure of carbon dioxide (pCO2), and pH
[Millero, 2007]. Two of these parameters must be measured simultaneously, in addition to temperature, sali-
nity, pressure, and ideally silicate and phosphate in order to adequately characterize the carbonate system
[Dickson, 2010]. In the open ocean, once two parameters have been measured, the system is constrained
and changes in seawater carbonate chemistry can often be rationalized by our understanding of how various
processes (e.g., gas exchange, biology, physical transport and mixing, and evaporation and precipitation)
influence DIC and TA. In the coastal zone, the additional input of freshwater from rivers coupled with
higher-frequency and higher-magnitude natural variability complicates our ability to understand and predict
how carbonate chemistry will vary in space and time.

Near-shore, rapid, unpredictable, and large variations in carbonate chemistry caused by changes in the influ-
ence of river discharge can cause the same Ω to arise from widely different SIRs and multiple Ω values to
reflect the same SIR over short timescales (less than a day). A visual representation of this concept is given in
Figure 1. Boxes in Figure 1c highlight SIR values for different seawater chemistries that correspond to an
aragonite saturation state (ΩAr) of 2. These SIR values span 1.02 to 3.22molμmol�1, which is equivalent to
a ~215% range in SIR (ΔSIR) for the same ΩAr value over ~30°C of temperature. Underlain in Figures 1b–1d
(gray symbols) are ΩAr and SIR values from three National Oceanic and Atmospheric Administration
(NOAA) surface moorings (data: http://cdiac.ornl.gov/oceans/). Two of these moorings are located in the
open ocean, one at Ocean Station Papa (OSP) in the eastern subarctic Pacific and the other at the Kuroshio
Extension Observatory (KEO) in the western subtropical Pacific. The third mooring is located in the coastal
zone near Cape Elizabeth (CE), ~37 km from the Washington State shoreline. Autonomous sensors that mea-
sure sea surface pressure, temperature, salinity, pCO2, and a suite of other parameters every 3 h have been
maintained for ~9 years at each of these locations [Sutton et al., 2014]. Previously identified empirical relation-
ships between TA and salinity at these sites [Fassbender, 2014; Fassbender et al., 2016, A. J. Fassbender et al.,
Estimating total alkalinity in the coastal zone: Considerations, complexities, and the surprising utility for ocean
acidification research, submitted to Estuaries and Coasts, 2016.] were used to calculate time series of TA from the
mooring salinity records. Estimates of TA were then paired with in situ pCO2 observations to calculate ΩAr and
SIR (see supporting information) using the program CO2SYS [Lewis and Wallace, 1998; van Heuven et al., 2011]
applying the constants of Lueker et al. [2000] and Dickson [1990] (no nutrient data included).

Figure 1 displays the dramatically larger range of carbonate chemistry conditions that can occur in the coastal
zone (CE) relative to the open ocean (OSP and KEO). At OSP,ΩAr follows the temperature dependence shown
for waters with a pCO2 of 400μatm and TA concentration of 2200μmol kg�1—similar to the mean conditions
observed at this location [Wong et al., 2002; Fassbender et al., 2016]. This is interesting because the lines in
Figure 1 are constructed such that the same pCO2 and TA are maintained across a temperature gradient from
�1 to 31°C. Normally, as surface waters warm or cool, the distribution of carbonate species (e.g., CO2, HCO3

�,
and CO3

2�) changes due to the temperature dependence of carbonate system equilibrium constants [Millero,
2007]. This primarily alters the sea surface [CO2], [H

+], and [CO3
2�] but does not influence TA and, therefore,

should causeΩAr and SIR to deviate from the temperature dependence lines. However, seasonal temperature
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changes in the ocean are often accompanied by biological and physical processes that also influence SIR and
ΩAr in unique ways.

At all three mooring locations, seawater [CO3
2�] variations are primarily controlled by changes in the DIC to

TA ratio (they are anticorrelated; supporting information), with temperature playing a much smaller role. The
timing of seasonal DIC:TA variations is similar across all three mooring sites, with the highest values in winter
and the lowest values in summer. Unique to each site is the timing of seasonal SIR variations. SIR is strongly
anticorrelated with pCO2 due to the tight relationship between pCO2 and [H+], and differences in the timing
and efficiency at which temperature, physics, and biology influence pCO2 expression in each region result in
dissimilar SIR seasonalities (supporting information). At OSP, pCO2 is nearly constant year round due to the
counteracting effects of physics and biology on seasonal CO2 solubility changes [Takahashi et al., 1993;
Fassbender, 2014]. In addition, the seasonal TA cycle at OSP is on the order of only 10μmol kg�1. With nearly
constant pCO2 and TA at OSP, SIR is tightly constrained throughout the year (ΔSIR ~25%; Figure 1c) and ΩAr

follows the theoretical temperature dependence line. In contrast, at KEO the seasonal pCO2 cycle is large
(~100μatm) due to temperature-driven changes in CO2 solubility that are not counterbalanced by physics
and biology [Fassbender, 2014]. In addition, the seasonal TA cycle at KEO is about 6 times larger
(~60μmol kg�1) than at OSP due to the entrainment of high-TA waters in winter and heavy precipitation
in summer. These characteristics give rise to a more negative relationship between SIR and temperature than
would occur from seasonal temperature changes alone, and a wider range of SIR variability (ΔSIR ~50%). ΩAr

at KEOmaintains a positive relationship with temperature, even during the summer when TA is low and pCO2

is high, due to the low DIC:TA (high [CO3
2�]) at this time of year. The slight bend in KEO data near 18°C

(Figure 1) results from different salinity and temperature seasonalities, which are the dominant controls on
TA and pCO2 at this location, respectively [Fassbender, 2014]. Conditions are much different at the CE
mooring. In the coastal zone, the temperature relationships for SIR and ΩAr are obscured by the wide range
of carbonate system conditions that arise frommore variable physical and biological processes as well as spora-
dic freshwater input. Thesemultiple sources of variability cause SIR to span a range of ~200% at the CEmooring.

Perhaps most importantly, Figure 1 exemplifies that Ω and SIR are predominantly influenced by different
factors, and relationships between Ω and SIR can be unique to specific ocean regions (Figure 1d).
Discovery of positive, negative, and insignificant Ω-SIR relationships at CE, KEO, and OSP, respectively, sug-
gests that the complexity of the calcifying environment cannot be adequately surmised from Ω alone. For
example, it is often assumed that elevated Ω values are associated with more ideal calcification conditions
[e.g., Kleypas et al., 1999; Gattuso and Buddemeier, 2000; Feely et al., 2004; Orr et al., 2005; Hoegh-Guldberg
et al., 2008; Albright et al., 2016; see Jokiel, 2016; Mongin et al., 2016]; however, the highest SIR values at
KEO are observed during winter when ΩAr is lowest, and the lowest SIR values are observed during summer
when ΩAr is highest. This illustrates that Ω (or [CO3

2�]) may not always provide useful information about the
calcification conditions organisms experience in the environment, particularly when Ω> 1 and CaCO3 disso-
lution is not expected to occur. As a result, the use of Ω to infer calcifying conditions could lead to misinter-
pretations of OA vulnerability for some organisms. Although long-term ocean CO2 uptake will lead to a strong
positive correlation between Ω and SIR as both parameters decline throughout the global ocean, the seaso-
nal relationship between these parameters is spatially variant and will likely lead to regional differences in the
time of emergence for biological impacts resulting from OA.

4. Implications for Biological OA Manipulation Experiments

Carbonate chemistry fluctuations in the coastal zone occur on smaller space and timescales than in the open
ocean and may impede our ability to accurately interpret biological calcification responses to OA using com-
mon methodologies. Many biological OA manipulation experiments are conducted using seawater collected
near shore that is then placed in a closed system where chemical manipulations occur. The chemical condi-
tions at the time of seawater collection set the baseline constraints for themanipulation experiment. The sub-
sequent addition of CO2 to alter the seawater chemistry causes Ω and SIR to decline in a predictable, linear
fashion. Although there should be no CaCO3 dissolution provided Ω> 1, a negative calcification response
caused by the declining SIR would also be highly correlated with declining Ω in the closed system environ-
ment—making it difficult to determine whether the calcification response mechanism was related to
changes in Ω (despite being >1) or SIR [Bach, 2015; Bach et al., 2015; Cyronak et al., 2015a, 2015b].
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In the natural environment, seawater conditions are not restricted by a closed system and can vary widely
and often unpredictably in the coastal zone [Hofmann et al., 2011; Takeshita et al., 2015]. The wide range in
Ω and SIR values observed across all temperatures at the CE mooring indicates that these parameters, and
the relationship between them, can vary significantly on timescales much shorter than the seasonal cycle
(supporting information). Therefore, someone attempting to repeat an experiment using seawater collected
at a later time or in a different place than the original experiment could end up with dissimilar results. This
concept is displayed in Figure 2a using data from the coastal CE mooring, where SIR is plotted against ΩAr

and three initial water chemistries are selected for hypothetical CO2 manipulation experiments. A linear rela-
tionship develops betweenΩAr and SIR as CO2 is added to the water, which is expected under closed system
conditions. The slope of each line is unique, however, such that each line intersects ΩAr = 1 at a different SIR
value. In addition, the different slopes cause equivalent SIRs to correspond to dissimilarΩAr values across the
three hypothetical experiments. This is shown in Figure 2a for a SIR of 0.2molμmol�1, which corresponds to
ΩAr values of 1.4, 1.8, and 2.3 (ΔΩAr ~65%). Thus, as SIR and calcification decline with added CO2, the asso-
ciated decrease in ΩAr values will be different for each experiment, which could be used to address whether
ΩAr or SIR is a more appropriate calcification indicator. This type of scenario may also help explain apparent
discrepancies across coastal OA manipulation experiments carried out on the same species under similar
experimental conditions [e.g., Gazeau et al., 2011; Barton et al., 2012; Waldbusser et al., 2014].

In the past few years, biological OAmanipulation experiments have becomemore complex and flow-through
systems are now being used to evaluate multiple stressors [e.g., Andersson and MacKenzie, 2012; McElhany
and Shallin Busch, 2013; Reum et al., 2014]. If the intake water for these systems comes from a coastal envir-
onment similar to the NOAA CEmooring site, accurately interpreting experimental results will be challenging.

Figure 2. Observations from the NOAA CE mooring. (a) ΩAr versus SIR, (b) TA versus pCO2, and (c) ΩAr and SIR × 10 versus
pCO2. Lines in Figure 2a represent hypothetical OA manipulation experiments in which CO2 is added or removed from
seawater samples with initial chemical conditions indicated by the circles. Pink lines show the range of ΩAr values that
correspond to a SIR value of 0.2mol μmol�1. Colored markers in Figures 2b and 2c highlight pCO2 values that can
correspond to ΩAr = 2 (plotted in light gray). Sea surface (d) pCO2 observations and (e) TA estimates from August 2006 to
2008 colored by SIR and ΩAr, respectively. Data are missing from October and November of 2007.
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In many flow-through OA experimental systems, pCO2 is monitored and manipulated to achieve a projected
future seawater concentration using a feedback system where CO2 bubbling is initiated when the sample
concentration falls below the target value. Large changes in TA caused by riverine inputs result in a wide
range of TA values that can occur for a given pCO2 level (Figure 2b). This means that the same intake seawater
pCO2 value can represent a wide range of ΩAr values as well as a somewhat smaller range of SIR values
(Figure 2c). Flow-through systems that rely on pCO2 alone to assess and manipulate carbonate chemistry
conditions may, therefore, experience unanticipated changes in SIR and ΩAr within experimental pCO2

treatments over time. In addition, these TA variations may alter the slope of the SIR-ΩAr relationship (e.g.,
Figure 2a) throughout the experiment such that calcification effects driven by SIR could show no discernable
relationship with ΩAr. It is important to acknowledge that the organism may not be able to respond rapidly
enough to SIR (orΩAr) changes to record the environmental signal. However, if the organism does respond to
the environmental variability, then it will be critical that all experimental treatments be run simultaneously to
ensure internal consistency and the ability to accurately interpret differences in the calcification responses
across treatments [see Cornwall and Hurd, 2015].

Observations from the coastal NOAA CEmooring indicate that changes in SIR,ΩAr, and the SIR-ΩAr relationship
occur on timescales relevant for OA manipulations experiments (supporting information). At the coastal CE
mooring, pCO2 varies seasonally and in the opposite direction of its temperature sensitivity [Takahashi et al.,
1993], suggesting that biology and physics play an important role in the pCO2 seasonality (Figure 2d). TA does
not display a clear seasonal cycle but often declines by ~100μmol kg�1 between subsequent samples, showing
even larger decreases over consecutive sample intervals that can be maintained for multiple weeks (Figure 2e).
These large, sporadic decreases in TA (and DIC) are primarily caused by changes in the influence of river dis-
charge at the mooring site (A. J. Fassbender et al., submitted manuscript, 2016). In particular, the Columbia
River dominates freshwater input along the outer coast of Washington and the river plume is often found north
of the river mouth [Hickey et al., 2005; Hickey and Banas, 2008], occasionally crossing the CE mooring path.
Different controls on pCO2 and TA at the CE mooring are what allow the SIR-ΩAr relationship to vary unpre-
dictably at this location (see Bach [2015, Figure 4] for salinity influence on SIR and ΩA). Notably, the NOAA
CE mooring is ~37 km from land and may be a conservative analog for the magnitude and intermittency of
chemical variability found closer to shore and in estuaries where numerous tributaries drain. Observations
from the CE mooring suggest that multiple frequencies of variability can occur in river-influenced coastal
regions and that fluctuations in the SIR-ΩAr relationship must be considered during the interpretation
and design of biological OA manipulation experiments conducted in areas with similarly dynamic carbo-
nate system variability.

It has been acknowledged for some time that the range of natural variability in multiple parameters should
be incorporated into OA manipulation experiments and used to guide experimental design [e.g., Reum et al.,
2014; Breitberg et al., 2015], but this challenging task is not yet commonplace [Reum et al., 2015; Yang et al.,
2015; Hauser et al., 2016]. While we support this holistic approach, critical to any biological OA experiment is
the ability to fully and accurately characterize the carbonate chemistry conditions of the treatments [Cornwall
and Hurd, 2015] and frame the results in the context of the natural environment [Hofmann et al., 2011;
Andersson and MacKenzie, 2012;McElhany and Shallin Busch, 2013;Wahl et al., 2016]. The difficulty in monitor-
ing and predicting carbonate chemistry conditions in the coastal zone challenges our ability to easily assess
organism exposures and identify biological calcification responses to OA in these environments. Continuous
observations may be required to adequately characterize carbonate chemistry near shore, which might
explain why intermittent shifting of carbonate system relationships in the coastal zone has only been alluded
to in OA literature thus far [Waldbusser and Salisbury, 2014; Thomsen et al., 2015; Waldbusser et al., 2015b].

The CE mooring site displays a positive correlation between SIR and ΩAr, albeit with a wide range of variabil-
ity, making it a moderate example of the challenges associated with carbonate chemistry dynamics in the
coastal zone. In other regions where biological OA manipulation experiments take place, SIR and ΩAr may
not be positively correlated, making it even more critical to identify and use the most appropriate calcifica-
tion indicator when interpreting results. In addition, the fact that positive, negative, and insignificant correla-
tions betweenΩ and SIR were found within the North Pacific Ocean suggests that extrapolating results from
regionally based biological OAmanipulation experiments to the basin or global scale will likely result in incor-
rect assessments of exposure and vulnerability for some organisms. Thus, in order to determine where, when,
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and how a diversity of marine calcifiers may be influenced by OA, further research is needed to identify SIR-
ΩAr relationships globally and to assess which species rely on calcification mechanisms modulated by SIR.

5. Conclusions

It is widely accepted that saturation state (Ω) reflects the environmental CaCO3 dissolution potential; how-
ever, recent insights from Bach [2015] and others [Jokiel, 2011, 2013, 2016; Bach et al., 2015; Cyronak et al.,
2015a, 2015b; Thomsen et al., 2015] suggest thatΩmay not always be an appropriate indicator of the calcify-
ing environment when Ω> 1. Instead, the substrate-to-inhibitor ratio (SIR) may more accurately reflect the
calcifying environment for some species. In order to better understand how ocean acidification (OA) will
influence the ability of organisms to calcify in waters withΩ> 1, it is important to consider the full carbonate
chemistry and how it varies, rather than rely on a single carbonate system parameter. This work explores the
issues with usingΩ as the sole indicator of calcification potential in real-world, ocean environments whereΩ
is not tightly coupled with SIR and where fluctuating relationships between SIR and Ω may help to explain
discrepancies across biological OA manipulation experiments. Although the SIR hypothesis requires further
examination across a diversity of marine calcifying species, emerging evidence and mature conceptual
theory on calcification are now aligning for corals, coccolithophores, and some bivalves, suggesting that
SIR warrants the attention of the broader OA community.
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