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Abstract. In recent years, ocean acidification has gainedl Introduction
continuously increasing attention from scientists and a num-
ber of stakeholders and has raised serious concerns about i@cean acidification (OA), or the other GQroblem as it is
effects on marine organisms and ecosystems. With the insometimes referred to, has gained continuously increasing
crease in interest, funding resources, and the number of scittention and interest from scientists, the media, the public
entific investigations focusing on this environmental prob- and policy makers in the last several years. Concurrent with
lem, increasing amounts of data and results have been prahis increasing interest and concern for OA, research funding
duced, and a progressively growing and more rigorous undedicated to the issue has significantly increased, the num-
derstanding of this problem has begun to develop. Neverper of articles both in the scientific literature and popular
theless, there are still a number of scientific debates, and imedia has exploded (cf., Gattuso and Hansson, 2011), and
some cases misconceptions, that keep reoccurring at a nuneven several documentary movies have been produced deal-
ber of forums in various contexts. In this article, we revisit ing with this issue (e.g., “Acid Test”, “A Sea of Change”,
four of these topics that we think require further thought- “Tipping Point”, as well as others). A recent search on
ful consideration including: (1) surface seawater@@em-  Google for “ocean acidification” produced 981 000 results
istry in shallow water coastal areas, (2) experimental manip(22 October 2011). This is a small number compared to
ulation of marine systems using G@as or by acid addi- a search on “global warming”, which produced more than
tion, (3) net versus gross calcification and dissolution, and170 million results (22 October 2011), but nevertheless, it
(4) CaCQ mineral dissolution and seawater buffering. As still clearly demonstrates increasing public interest and con-
a summation of these topics, we emphasize that: (1) mangern for OA. Ten years ago this search would have produced
coastal environments experience seawate®, that is sig-  a handful of results.
nificantly higher than expected from equilibrium with the at-  ag early as in the first decades of the 1900s, a num-
mosphere and is strongly linked to biological processes; (2her of pioneers investigated links between seawater pH and
addition of acid, base or C{yas to seawater can all be useful yarious biological processes including survival, calcifica-
techniques to manipulate seawater chemistry in ocean acidijon, metabolism, and spawning in organisms such as barna-
fication experiments; (3) estimates of calcification or C3CO ¢|es, algae, sea urchins, and oysters (see review in Gattuso
dissolution based on present techniques are measuring thghd Hansson, 2011 and references therein, e.g., McClen-
net of gross calcification and dissolution; and (4) dissolu-don, 1917, 1918; Gail, 1919; Bouxain, 19264, b: Pryterch,
tion of metastable carbonate mineral phases will not produce 929). Other pioneers between the 1950s and 1990s (e.g.,
sufficient alkalinity to buffer the pH and carbonate saturationRevelle and Suess, 1957; Broecker and Takahashi, 1966:
state of shallow water environments on timescales of decadegroecker et al., 1971; Bacastow and Keeling, 1973; Gar-
to hundreds of years to the extent that any potential negativee|s and Mackenzie, 1980: Smith and Buddemeier, 1992:
effects on marine calcifiers will be avoided. as well as others) began to recognize the potential problem
related to increasing anthropogenic £€missions and par-
tial absorption of the gas in the surface waters of the ocean
leading to OA with effects on individual marine organisms
and ecosystems. However, it was not until 1999 when Kley-
pas et al. (1999) published an article in “Science” titled
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“Geochemical consequences of increased atmospheric CO

on coral reefs”, and then four years later when Caldeira and %% ~Puerto Rico sw
Wickett (2003) published an article in “Nature” titled “An- 900 —Puerto Rico air
thropogenic carbon and ocean pH” that the issue gained con 200 —Hawaii sw
siderable attention. At the present time, new OA research is _ Hawaii air
being published in the scientific literature almost on a daily % 700

basis and reports in the popular media appear with a similar% 600

frequency. With the increasing number of investigations and 3

interest concerning this environmental problem, it has be- = 500

come increasingly important to recognize and learn from pre- 409
vious experiences, carefully and objectively assess data ant
results, and not perpetuate overly simplistic interpretations of
what can be a nuanced problem. Many recent workshops anc
publications on OA as well as the “Guide to best practices for

ocean acidification research and data report_ing” (Riebesel! e,t_rig' 1. Air and surface seawateiCO; (uatm) from two near-shore
al., 2010) have made attempts to stress the importance of iMsqyironments in Hawaii and Puerto Rico during summer of 2008

plementing more rigorous and SOPhiSticated approaches ignd 2009, respectively, showingCO, levels that on average are
OA research. Nevertheless, there are still several outstandsignificantly higher than expected from equilibrium with the atmo-

ing scientific debates and in some cases misconceptions thaphere. On occasiopCO; levels at the Hawaii site have been ob-
reoccur in the scientific literature, at scientific meetings andserved to exceed 1000 patm, which is much higher than the lev-
workshops, in manuscript and proposal reviews, and in dis£ls predicted to occur in the atmosphere in the year 2100 under a
cussions with other scientists and stakeholders that we thinRusiness-as-usual G@mission scenario. Data courtesy: Eric De-
are necessary to revisit and synthesize here. The objective 210, University of Hawaii, Dwight Gledhill, NOAA AOML, and
this article is to raise an increased awareness about four dfMiS Sabine, NOAA PMELhttp://www.pmel.noaa.gov/co2/story/
these topics including: (1) surface seawater,@Bemistry oral+Reef+Moorings

in shallow water coastal areas, (2) experimental manipula-

tion of marine systems using G@as or by acid addition, (3)
net versus gross calcification and dissolution, and (4) GaCO
mineral dissolution and seawater buffering.

300 T
7/1 7/6 7/11 7/16 7/21 7/26 7/31
Date

In many near-shore environments, the high seaw#@&,
and low pH conditions arise as a result of net heterotrophic
conditions owing to remineralization of organic material
exceeding its production (Smith and Hollibaugh, 1993;
Frankignoulle et al., 1998; Mackenzie et al., 2004), and/or
from the process of calcification in coral reef and carbonate-
dominated environments, which decreases seawater total al-

From a forecasting perspective, OA and the associatedalinity and releases GQWare et al., 1991; Frankignoulle
changes in open ocean surface seawater carbonate chemisgtal., 1994). Inregions influenced by upwelling, deep seawa-
pose little uncertainty and we can fairly accurately predictter enriched in C@from decomposition of organic material
these conditions using standard £€arbonic acid system is brought up to shallow depths resulting in lower pH and sat-
chemical equations for any given scenario of anthropogenidiration state with respect to carbonate minerals (Feely et al.,
CO;, emissions and ocean uptake of this gas expected withi008). Furthermore, many near-shore environments undergo
the next several decades (e.g., Orr et al., 2005; Orr, 2011large diurnal fluctuations in seawater chemistry associated
Joos et al., 2011). However, it is repeatedly overlooked thatvith daytime and nighttime changes in the intensity of photo-
in many of the shallow water coastal environments where aSynthesis/respiration and calcification/dissolution, as well as
significant proportion of benthic calcifying organisms reside water advection owing to tidal cycles and changes in winds
and may be at risk from OA (e.g., mussels, oysters, corals(Fig. 2; Drupp et al., 2011; Hofmann et al., 2011; Sham-
coralline algae) that surface seawat€0; is already at lev-  berger et al., 2011). Consequently, the ambient €andi-

els significantly higher and pH lower than expected from tions for these environments and for the marine organisms
equilibrium with current atmospheric levels (Fig. 1; e.g., Fa- living within them are significantly higher (or sometimes
gan and Mackenzie, 2007; Bates et al., 2010; Thomsen dpwer) than for a system currently in equilibrium with the
al., 2010; Shamberger et al., 2011; Yu et al., 2011; Hofmanratmospheric C@concentration. These conditions are rarely
et al., 2011). Also many large coastal ecosystems, includingaken into account or even recognized in the majority of ma-
reefs, are found adjacent to land masses with major fluvial in-nipulation experiments with marine organisms published to
puts, and thus, experience large variability in environmentaldate with a few exceptions (e.g., Andersson et al., 2009;
parameters such as temperature, salinity, nutrient and lighfhomsen etal., 2010; Yu et al., 2011).

conditions (e.g., Drupp et al., 2011).

2 Surface seawater CQ-carbonic acid system
chemistry in shallow water coastal areas
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4500 chemistry on inter-annual to decadal timescales. Neverthe-
4000 1 . less, failure to recognize that these feedbacks exist (both
3500 - positive and negative) and the fact that many coastal en-
= vironments already experience g@onditions significantly

g 3000 % higher than expected from equilibrium with the atmosphere
E 2500 5 E may result in erroneous conclusions regarding the effect of
8“ 2000 % OA on shallow water marine organisms and ecosystems.
2 4500 8 Similarly, CQO, treatment values recommended at several
1000 4 workshops and also in the “Guide to best practices for ocean
500 acidiﬁcation rese_a_rch and data re_zporting” (Barry et al.,_2010)
are highly beneficial for comparisons between experiments

0 ' ' ‘ ‘ ' 3 and to investigate functional relationships, but it is impor-

6:00 10:00 14:00 18:00 22:00 2:00 6:00

tant to recognize that these levels may not reflect present in
situ conditions or the timing of future in situ coastal seawa-
Fig. 2. Example of a near-shore mangrove environment in ter conditions. In our opi_nion these target Ievgls shoul_d be
Bermuda, which undergoes large diurnal fluctuations in seawateVi€wed as recommendations, but not something that is set
carbonate chemistry over diurnal cycles owing to tidal flushing (andin stone and mandates all OA research. What is truly impor-
pumping) and groundwater intrusion as well as changes in ecosystant is that researchers determine accurately the complete dis-
tem metabolism (e.g., photosynthesis, respiration, calcification, angolved CQ-carbonic acid system and characterize seawater
CaCGQ; dissolution) between night and day. Surface seawsbs, pCQO2, pH, HCG;, C@*, etc., and their variability within
(black line) and relative tide (red line) over a 24-h period are shown.their experimental systems. This includes diurnal or other
temporal variability that may occur owing to processes al-
tering the ideal physiochemical conditions within a system.
Because upwelling and/or onwelling are important flows Furthermore, in translating experimental results to natural
in coastal ocean environments, as atmospheric concentraystems, it is equally important to recognize that seawater
tions of CG continue to rise, shallow water environments CO, concentrations in near-shore environments are generally
experiencing supersaturated g£€bnditions with respect to  not constant and can be significantly higher or lower than ex-
the atmosphere could potentially still increase as the G0  pected from equilibrium with current atmospheric £&n-
the open ocean source water increases. This statement agentration. Ultimately, to make robust predictions for the fu-
sumes that net ecosystem production (NEP) and net ecosysdre, one needs to understand the current range of seawater
tem calcification (NEC) do not change (Mackenzie et al., CO, conditions experienced by an organism or community
2004). Thus, in such a scenario, future surface seawateh the natural environment and how these conditions may
CQO; stabilization values for many shallow coastal environ- change.
ments will significantly exceed the atmospheric partial pres-
sure of CQ. Nevertheless, increasing fluvial inputs of nu-
trients and organic matter to the coastal ocean (Seitzingeg Manipulation of marine CO »-carbonic acid system
et al., 2010; Lerman et al., 2011) could very well alter the  using CO» gas or by acid addition
trophic status of this environment with subsequent changes
to its seawater carbonic-acid system. This change could eiln order to make predictions for the future on how marine
ther exacerbate or alleviate the anthropogenic OA effect inorganisms will respond to elevated seawatep€anditions,
this environment depending on the direction of the changeone of the most logical approaches is to expose them to the
in trophic status (Mackenzie et al., 2004). An increase in netanticipated future seawater conditions and record organism
autotrophy might alleviate the effect of anthropogenic OA by responses. Nonetheless, significant care and caution need to
fixing more CQ into organic material while increasing net be exercised in interpreting the results of these experiments
heterotrophy would have the opposite effect. Similarly, a re-before drawing conclusions and extrapolating them to natu-
duction in net ecosystem calcification would act as a negativeal environments and future conditions. After all, a single
feedback to OA owing to reduced depletion of total alkalinity species short-term GO'shock” experiment in a tank with a
and generation of CO duration of days to weeks may involve caveats in terms of the
Biological feedbacks to the seawater carbonic-acid systendlirect translation of results to longer-term gradual changes in
on diurnal to seasonal timescales have been demonstratéglO, in natural environments.
for several coastal environments such as coral reefs and sea- There are a number of different methods that can be used
grass beds (Suzuki et al., 1995; Semesi et al., 2009; Batet® manipulate the seawater @®@arbonic acid system, which
et al., 2010), as well as in experimental setups (Anderssomave been reviewed in detail elsewhere (Gattuso and Lavi-
et al., 2009; Anthony et al., 2011), but it is obviously much gne, 2009; Gattuso et al., 2010). Fundamentally, all methods
more difficult to predict the biological feedback to carbonate are based on two different approaches that involve addition of

Time
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CO» gas or addition of acid and/or base (Schulz et al., 2009with high flow rates and turnover of large volumes of wa-
Gattuso and Lavigne, 2009; Gattuso et al., 2010). The majorter with associated replenishment of food and nutrients (e.g.,
ity of experiments conducted to date have been based on buth-angdon and Atkinson, 2005; Kuffner et al., 2008; Jokiel et
bling with CO;, gas or addition of a strong acid. If a seawater al., 2008), acid addition may logistically be a more feasible
system is bubbled with Cfgas, the system will strive to method than C@bubbling for most researchers. Similarly,
reach equilibrium with thegCO; of this gas phase resulting acid (or base) addition can be beneficial in experiments eval-
in an increase in total dissolved inorganic carbon (DIC) while uating physiological processes and dependence on different
total alkalinity (TA) remains essentially unchanged with sub- carbon species (e.g., Schneider and Erez, 2006; Jury et al.,
sequent increases in [GQ)], [HCO;] and [H], and a de-  2010). Nonetheless, depending on the experimental circum-
crease in [C@]. This methodology accurately mimics the stances, investigators should obviously try to mimic natural
chemical changes that will occur as a result of oceanic up<conditions as much as possible, but the fact that an experi-
take of anthropogenic COn a homogeneous gas-seawater ment is conducted based on the acid addition method should
system. In contrast, acid addition results in a decrease in thBot automatically reject it from being a valuable experiment.
TA of the system with a subsequent change in the equilib- The fundamental question at the center of the discussion
rium concentrations of the individual components that dif- is: what dissolved inorganic carbon specie(s) is/are important
fer slightly from the CQ bubbling method (see Table 1 in to marine organisms? DIC and TA are terms describing the
Schulz et al., 2009 and Table 2 in Gattuso and Lavignesum of different dissolved components, which are not fixed
2009, respectively). Recent recommendations suggest th&t any given DIC or TA value, but a function of several fac-
acid manipulation experiments are accompanied, for examtors including temperature, salinity, and pressure. Function-
p|e, by addition of NaHC®@and/or NaCQOgs in order to com- allty of marine organisms probably has little to do with these
pensate for the reduction in TA (Gattuso and Lavigne, 2009;former variables, but is mainly controlled by the concen-
Gattuso et al., 2010), but obvious|y there are many experilraﬂon and distribution of the various carbon species in the
ments conducted during the past decade in which this wagmbient seawater, the concentration gradients between the
not done, and the validity of these experiments has repeat€Xxternal seawater environment and the calcifying fluid and
edly come into question. its carbon species %stribution, and/or the availability of, H

. . . . . COpaq HCO, or CO5~, which are important for a marine

. Despite the re_Iatlver small o!lffere_nces n C‘?‘rb"” Spec'a'orgar?ism’sor?wetabolic processes such as photosynthesis and
tion between acid and GQmanipulation ex_perlmg_nts, 9P~ calcification (Raven, 1993; Gattuso et al., 1999; Cohen and
ponents of the former have argugd that aC|d_add|t|on experi; cConnaughey, 2003; Allemand et al., 2011; Jokiel, 2011).
ments and results are not especially useful in the context Oglome researchers have argued that the small differences on

OA based on the argument that they do not represent aCChe order of a few percent in [HCQ) between acid addition
rately changes that will occur as a result of anthropogenic

. . _ and CQ bubbling may explain contradictory responses in
O.A' Technically, these oppone_nts are correct since _TA IS ma'experimental results (e.g., Iglesias-Rodriguez et al., 2008).
nipulated and not the DIC with a range of resulting con-

o i _ ) This is perhaps the case for some organisms, but to make
ditions in carbon speciation depending on whether the sys- P b g

tem is closed tati i f Gatt ({obust and valid conclusions, direct side-by-side experimen-
em IS closed, open, stalic, or continuous-Tlow (Gattuso an al comparisons are required. Few direct comparisons have
Lavigne, 2009; Gattuso et al., 2010). In some cases thes

- T . Been made to date, but an increasing number of researchers
conditions will differ more than in others. For example, a

.report similar organism responses resulting from acid addi-

static tank experiment open to the atmosphere could result iBon and CQ bubbling experiments (Kurihara, 2008: Schulz
significantly different conditions as the system is allowed to et al.. 2009: de Putron et al.. 2011: A And’erssor; unpub-

equilibrate with the atmosphere and thereby loose @ith lished data)

a resulting decrgase in DIC. This effect is insignificant ina is important that caution and care are exercised in in-
cl_osed oracontl_nuous-flovy system (depe_nd_mg on fIOW'rate)(erpreting experimental results based on the acid addition
with very small differences in carbon speciation compared tomethod, but it is similarly important to be cautious in in-

a system bubbled with G{jas. terpreting any experimental manipulations as they are only a
Equilibrating large volumes of seawater on the order of controlled approximation of what is happening in nature. Re-
10000 to 100000 of liters per day with G@as at a given gardless of the method used, it is critical that researchers ac-

pCO; level for extended periods of time can be challenging curately characterize and report the complete€@rbonic

and requires significant resources not available to a sufficienacid system parameters as well as other important parameters
number of investigators. Hence, the acid addition methodn their experiments, like nutrient concentrations.

(with or without NaHCQ or NgCO3 addition) may be jus-

tified in such circumstances and will continue to be a bene-

ficial and a reasonable approach that could be used in future

OA studies. In experiments where researchers are trying to

mimic the natural flow regime, for example on a coral reef,
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4 Net versus gross calcification and dissolution showed that dissolution of the dead shells increased signif-
icantly as a function of decreasing pH, but net calcification
A large number of OA experiments to date have been conin live organisms was little affected or even increased un-
ducted on corals (Gattuso and Hansson, 2011). So far théer the imposed experimental conditions. This finding sug-
results have been relatively consistent demonstrating that thgests that the calcifying organisms were able to compensate
rate of calcification decreases as a result of decreasing sefor the increase in dissolution by up-regulating calcification.
water carbonate saturation state (cf., reviews in Langdon anéHowever, most live organisms usually have tissues or organic
Atkinson, 2005; Erez et al., 2011; Andersson et al., 2011).coatings that may act as a protective layer from dissolution
Similarly, experiments or observational studies of subtropical(e.g., Morse and Mackenzie, 1990), which is less the case for
and tropical calcifying communities have shown similar re- dead shells or skeletons. Nonetheless, Findlay et al. (2011)
sults with decreasing net community calcification as a func-observed negative effects on other physiological processes,
tion of decreasing seawater carbonate saturation state (e.guch as metabolism, health, and behavior, which may indi-
Langdon et al., 2000, 2003; Yates and Halley, 2003, 2006 cate that any potential up-regulation of calcification occurred
Silverman et al., 2007; Andersson et al., 2009; Shambergeat the expense of these processes.
et al., 2011). In many cases these results are based on the Although surface seawater in most ocean regions is super-
alkalinity anomaly technique (Smith and Key, 1975; Smith saturated with respect to the major carbonate phases present
and Kinsey, 1978; Chisholm and Gattuso, 1991) and the asin sediments and reef frameworks, Cagdssolution is an
sumption that for every mole of CaG@recipitated or dis-  ongoing process and occurs in all these regions (Andersson
solved, seawater total alkalinity changes by two moles. Al-et al., 2011). The dissolution process is either driven by
though processes other than calcification and dissolution maynicrobial decomposition of organic material (i.e., metabolic
influence total alkalinity, such as nutrient uptake and releaselissolution) that creates undersaturated conditions in sedi-
and ammonia and sulfate reduction, these processes havengent pore waters or microenvironments, or by bioeroding
relatively minor effect in most coral reef environments rela- organisms that actively penetrate carbonate substrates by var-
tive to the influence of calcification and Cag@issolution  ious acidification mechanisms. Some of these bioeroders
processes. Nevertheless, there could be exceptions to thigre photosynthesizing (e.g., endoliths), and hence, may be
assumption that need to be carefully considered especiallynore efficient at penetrating carbonate material and con-
in natural or experimental settings where nutrient and/or ortributing to CaCQ dissolution during daytime (Tribollet et
ganic acid concentrations are high (Dickson, 2010). al., 2006; Tribollet, 2009). The problem at hand is simi-
A bigger problem arises from the fact that researchers relar to the problem of quantifying gross primary production
peatedly overlook that the alkalinity anomaly technique, asand respiration and their relative contribution to net primary
well as other techniques used to measure calcification rategroduction. However, an important difference is that photo-
of calcifying organisms or communities (e.g., dry or buoy- synthesis primarily occurs when sufficient light is available
ant weight technique, calcium isotope technique, and skeletafi.e., PAR, Photosynthetitically Available Radiation) while
density banding; see review in Langdon et al., 2010) are onlyboth calcification and dissolution can take place at all times.
measuring the net effect of calcification and dissolution, andPerhaps some cleverly designed experiments based on iso-
do not distinguish between these two processes (Langdon ¢bpe addition or some other traceable parameter (e.g., stron-
al., 2010; Findlay et al., 2011). Consequently, an observedium enrichment) could be used to address this problem. Un-
decrease in net calcification for a calcifying organism or derstanding the relative contribution from gross calcification
community could result from a decrease in gross calcificationand dissolution to net ecosystem calcification and the pro-
or an increase in gross dissolution, or a combination of bothcesses controlling their magnitude would significantly im-
of these effects. At this time we know little about the relative prove our ability to predict future consequences of OA, for
sensitivity of these processes and how they will change in reexample, to CaC@accretion rates on coral reefs. Until this
sponse to OA at both the individual organism and larger com-can be accomplished, it is important to recognize that the
munity/ecosystem scale. The effect of OA on CaGizso-  alkalinity anomaly technique and other current techniques
lution has been given very little attention despite the fact thatused to measure calcification are measuring the net effect
almost all the reported results represent the net effect of calef calcification and dissolution. Nevertheless, the effects of
cification and dissolution. Attempts have been made to eval-OA on calcification and dissolution rates are but one con-
uate the problem based on observations of nighttime dissolueern associated with this major change in seawater chemistry,
tion and from environments where calcification is believed toand there are many other aspects important to an organism’s
be non-existent or minimal (e.g., Silverman et al., 2007; An-and/or ecosystem’s success that also need to be considered
dersson et al., 2007), but these estimates are nevertheless s{d.g., fecundity, metabolism, recruitment, early development,
net estimates. Findlay et al. (2011) attempted to estimate thpredator-prey interactions, community structure, etc.).
relative contribution from calcification and dissolution for a
range of marine benthic calcifiers by exposing both live and
dead shells to different seawater pH conditions. Their results
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5 CaCO3 mineral dissolution and seawater buffering 2600 8.20
Following the article by Kleypas et al. (1999) on the “Geo- ~ °% ] _TD'TC F .10
chemical consequences of increased atmospherig @O = 5400 - —pH

coral reefs”, a couple of abstracts appeared in the “Pro- g - 800 -
ceedings from the 9th International Coral Reef Sympo- § ;300 - g
sium” in Bali proposing that rising COwould not greatly £ L 590 B
impact reef systems since any reduction in pH would & 2200 -

be rapidly compensated for by dissolution of high mag- L 580
nesian calcite minerals (Barnes and Cuff, 2000; Halley 21

and Yates, 2000). This was followed by a lively dis- 2000 270
cussion online on the coral-lishifp://coral.aoml.noaa.gov/ '
archive/coral-list-2001.txtbetween several individuals ar- 2600 220
guing whether or not this process, referred to as the mag-

nesian salvation theory (MST), was important. The idea be- 3509 -

hind the hypothesis arose from the fact that shallow water | 810
carbonate sediments contain a significant proportion of abi- % 2400

otic cement and mainly skeletal Mg-calcite mineral®6 %; 3 (80
Land, 1967; Morse and Mackenzie, 1990). Biogenic Mg- Z 3% i
calcite mineral phases are mainly produced by marine cal- 52200 | | 7.90
cifiers such as certain algae, benthic forams, echinoderms °

and bryozoans. Mg-calcite is a variety of calcite in whicha ;44 | r7.80
significant proportion of calcium ions (up to 30 mol %) has

been randomly replaced in the mineral structure by smaller 2000 — 7.70

magnesium ions causing distortions to the ideal CaCal
cite mineral structure. As a result of this distortion and aISOFig. 3. Hypothetical illustration of a system that receives no buffer-

because of inclusion of other impurities, such as HCO ng (top panel) from dissolution of CaGGninerals, i.e., seawater
OH~, H20, and SCﬁf, Mg-calcite minerals with significant total alkalinity remains unchanged, and a system that is buffered
magnesium content are more soluble than both calcite antly CaCQ dissolution (bottom panel) in order to maintain a con-
aragonite, the latter being the mineral phase deposited bgtant pH, i.e., total alkalinity increases and accumulates within the
corals. As seawater GQontinuously increases and the sat- System.

uration state with respect to carbonate minerals decreases,

Mg-calcite phases will be the first mineral phases subject to )

undersaturated conditions and most likely subject to dissoSYStem Of seawater and prevent any negative effects on ma-
lution, “the canary in a coal mine” of OA (Mackenzie et rne organlsms. ) ) ) ]

al., 1983: Morse et al., 2006: Andersson et al., 2008; see During the ongoing dlscussmn. on th‘? coral-list
also Walter and Morse, 1985, on the complexities tied to this2Pout the  MST, Bob Buddemeier succinctly —out-
statement in terms of dissolution rates of biogenic phases)inéd why dissolution of high Mg-calcite ~would

Dissolution of carbonate minerals consumes,G@d pro- "ot  significantly  buffer seawater from OA hifp:
duces total alkalinity: /Icoral.aoml.noaa.gov/archive/coral-list-2001).txThis fact

had also been pointed out previously in a US Department
of Energy report edited by Garrels and Mackenzie (1980).
COz+H20+ Caa-» Mg, COs Later, Andersson and colleagues (Andersson et al., 2003,
= (1-x)C&" +xMg?" +2HCC; (R1) 2005, 2006, 2007; Morse et al., 2006) showed in a number
of papers based on a numerical modeling approach that the
As a result, the pH and saturation state with respect to carglobal coastal ocean, as well as most shallow water envi-
bonate minerals increases. Hence, the dissolution procesenments in general, will not be significantly buffered by
potentially can act as a buffer counteracting the modificationgdissolution of carbonate minerals on time-scales of decades
in seawater carbon chemistry imposed by uptake of anthroto hundreds of years. However, these authors have failed to
pogenic CQ. If carbonate dissolution were able to keep up convince skeptics as the issue is continuously being raised
with the uptake of anthropogenic GOthe seawater would or mentioned in a number of forums and settings based
be significantly buffered and its pH would remain unchangedon, for example, incorrect thermodynamic calculations
(Fig. 3). In summation, the MST suggests that undersatu{e.g., Ldaiciga, 2006; see technical comment by Caldeira et
rated conditions and dissolution of highly soluble Mg-calcite al., 2007) or without clear definition or due consideration
phases as a result of OA will buffer the @®@arbonic acid of what is required to achieve a significant buffer effect
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(e.g., Tribollet et al., 2009; Hauck et al., 2011; Tynan and maintain a constant seawater pH, less than 1 mol of GA€O
Opdyke, 2011). required for every mol of C@absorbed. Thus, at first glance
The first condition that requires recognition is that evi- there appears to be a sufficient mass of reactive Mg-calcite to
dence of dissolution of CaCGloes not automatically mean produce an important buffer effect at this uptake rate for the
that a significant buffer effect can be achieved. Some of thenext several decades. If aragonite dissolving in shallow pore
confusion associated with this problem may simply be re-waters were also taken into consideration, even more reac-
lated to how investigators define a significant buffer effect. Intive CaCQ would be available (see E. Sundquist for a differ-
the original discussion on the MST, a significant buffer effect ent opinion in Garrels and Mackenzie, 1980). However, one
referred to a restoration in seawater pH that would prevent omust keep in mind that most of the anthropogenic,GO-
alleviate any negative effects on marine organisms’ calcifi-sorbed by the oceans is taken up in the open ocean and is not
cation rates arising from OA. This is the definition adopted available for dissolution of shallow-water carbonate phases
by Andersson and colleagues (Andersson et al., 2003, 200%nless the acidified water is upwelled and/or onwelled into
2006, 2007; Morse et al., 2006). In contrast, Garrels andcoastal waters.
Mackenzie (1980) evaluated how much anthropogenig CO Second, we might inquire whether or not anthropogenic
could be taken up by the ocean considering whether a hoemissions of C@will change surface seawater carbon chem-
mogenous or heterogenous equilibrium existed between thastry sufficiently so that seawater will become undersaturated
atmosphere, seawater and the solid Ca@Base (see also with respect to the average Mg-calcite composition and con-
Cao and Dai, 2011). In this latter definition, any dissolu- sequently subject to dissolution? Under current,@&is-
tion and production of total alkalinity could be considered sion scenarios, itis highly likely that surface seawater in high
a buffer effect. In this context, whether this process is sig-latitudes will become undersaturated with respect to arago-
nificant or not requires evaluation relative to the capacity ofnite within the present or early part of the next century (e.g.,
seawater to take up Ginder a homogeneous scenario (i.e., Orr et al., 2005; Orr, 2011). Consequently, for Mg-calcite
no reaction with CaCeg). Clearly, the thermodynamic def- phases more soluble than aragonite (i.e., phases with more
inition of a significant buffer effect can be substantially dif- than 8 to 12 mol % MgCg), seawater will be undersaturated
ferent from a definition that considers the buffer effect in the with respect to these phases and potentially subject to dis-
context of the physiological and metabolic effects on marinesolution (as discussed below, this is also a kinetic problem)
organisms and their calcification rates. Hence, the definiprior to this condition. Atintermediate and low latitudes, this
tion and the means of evaluation of a significant buffer effectquestion is more difficult to answer because there are cur-
become important considerations in any discussions of thigsently two different solubility curves for biogenic Mg-calcite
topic. minerals and we do not know which one best represents what
On time-scales of several thousands of years, dissolutiofis going on in the natural environment (e.g., Plummer and
of carbonate sediments in both shallow coastal waters an#lackenzie, 1974; Bischoff et al., 1993; Morse et al., 2006;
most importantly at depth in the ocean attendant by the conAndersson et al., 2008). If we accept the more conservative
sequent shoaling of the saturation horizon will act as the ulti-solubility curve of Bischoff et al. (1993), surface seawater
mate sink of anthropogenic GQthe antacid or buffer of the  will remain supersaturated in tropical and temperate latitudes
world ocean (Archer et al., 1998; Broecker, 2003), a proces®ven with respect to a biogenic calcite mineral phase con-
mainly dictated by the overturn rate of the ocean, which is intaining 18 mol % MgCQ@ by the end of this century under a
the order of roughly 1000yr. So why is it the case that dis- Business-As-Usual Cemission scenario (1IS92a; Anders-
solution of shallow water carbonate sediments will not sig-son et al., 2008). In contrast, based on the higher solubility
nificantly buffer the CQ@-carbonic system of ocean surface estimate of Plummer and Mackenzie (1974), surface seawa-
waters on the time-scale of decades to centuries? ter in tropical and subtropical latitudes is presently close to a
The first question we might ask is whether there is enoughmetastable equilibrium with respect to a Mg-calcite compo-
shallow water reactive high Mg-calcite material available to sition containing 15 mol % MgCg Shallow water carbon-
buffer the surface ocean G&arbonic acid system? As- ate sediments have an average Mg-calcite composition of ap-
suming an average porosity of 50 % and that the top meteproximately 13 to 15 mol % MgCg&(Morse and Mackenzie,
of sediments is available for this reaction, there is roughly1990). Thus, as the ocean becomes more acidic, its surface
10.4x 10 mols, or 125 Pg, of carbon as Mg-calcite avail- waters could become undersaturated with respect to the ma-
able for this reaction (Garrels and Mackenzie, 1980; Ander-jority of shallow water Mg-calcite phases. These phases then
sson et al., 2003, 2005). From a stoichiometric standpointwould be subject to dissolution if the higher solubility es-
assuming that the oceanic uptake of 1 mol of ,G@ll be timate of Plummer and Mackenzie (1974) most accurately
balanced by dissolution of 1 mol of Mg-calcite, this processdescribes the behavior of Mg-calcite phases in the natural
going to completion could proceed for about 60 yr at an ab-environment. However, even if a mineral phase is subject
sorption rate of surface seawater-e2 Pg Cyr?! (Le Quéere to dissolution, the rate of dissolution (i.e., the kinetics of
et al., 2009; Takahashi et al., 2009) before the entire reacthe reaction) needs to be sufficiently fast relative to the rate
tive Mg-calcite reservoir was fully exhausted. However, to of ocean uptake of CO(or CO, production from organic
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Fig. 4 Summertime vertical profiles from Devil's HoIe,_Bermuda, layer (gray shaded area) indicates CaQi@solution from the sed-
showing temperature aneCO; (left panel), and aragonite satura- jments. Despite significant dissolution and bufferieyaragonite

tion state 2) and pH-total (right panel). Due to the thermal stratifi- 5nd pH remain at low levels (see Andersson et al., 2007 for detailed
cation of the water column, CQproduced from microbial decom-  giscussion).

position of organic material accumulates within the subthermocline
layer producing lovg2-aragonite and pH (see Andersson et al., 2007

for detailed discussion). ) o
mean that the system is sufficiently buffered to prevent nega-

tive effects on marine organisms. Previous exclamations of a
matter decomposition), as well as the rate of physical ex-significant buffer effect on relevant human timescales repeat-
change of seawater between the open ocean and shallow wgdly overlook the importance of physical mixing (Barnes and
ter environments, in order to produce a significant buffer ef-Cuff, 2000; Halley and Yates, 2000). The area of the open
fect. The rate of dissolution is not strictly controlled by sol- 0cean involved in the uptake of anthropogenica®very
ubility. For instance, biogenic Mg-calcite minerals of less large compared to the area of shallow water CaGedi-
solubility may dissolve faster than those of greater solubility ments that potentially could neutralize this £0n general,
because of grain microstructural complexity. In other words, the flushing of these shallow Ca@@ch environments with
this complexity may override thermodynamic constraints re-Open ocean water is too fast for any significant accumulation
sulting in the dissolution of a thermodynamically more stable Of alkalinity within these environments.
biogenic mineral phase (Walter and Morse, 1985). CaCO One example of a system that experiences accumulation
dissolution rates from the natural environment and experi-of total alkalinity owing to carbonate mineral dissolution is
ments have been reported in the range from less than 0.1 tDevil's Hole, Harrington Sound, Bermuda (Andersson et al.,
as high as 7mmol CaG@n~2h~1 (see Table 3in Andersson 2007). In summer, a seasonal thermocline develops and sep-
et al., 2007) based mainly on nighttime observations. Thesarates the mixed layer from the subthermocline layer at this
rates are high and generate substantial quantities of total akite (Fig. 4). Organic matter remineralized in the subthermo-
kalinity. However, in the context of a potential buffering ef- cline layer produces C£that causes a reduction in seawa-
fect, these rates need to be evaluated relative to the overaier pH and saturation state with respect to carbonate miner-
rate of calcification of marine organisms during daytime andals, which begin to dissolve. Metastable Mg-calcite miner-
the rate of flushing with open ocean waters. als make up a significant proportion of the carbonate sed-

The buffering question primarily boils down to a simple iments in Devil's Hole and Harrington Sound (Neumann,
mass balance problem where the rate of net dissolution needs965; Andersson et al., 2007), but are virtually absent in
to be fast enough in order for total alkalinity to accumulate the finer grain size fractions of Devil's Hole sediments. Ev-
and thus buffer the C&carbonic acid system. Fig. 3 illus- idence of dissolution can be seen from an increase in to-
trates two hypothetical scenarios of (a) no buffering from tal alkalinity and calcium concentrations, which accumulate
CaCQ; dissolution, i.e., no change in total alkalinity, and within the subthermocline layer (Fig. 5). This is also evi-
(b) sufficient buffering and accumulation of total alkalinity in dence that the system is experiencing a buffer effect. Nev-
order to maintain a constant seawater pH. The figure demonertheless, despite evidence of dissolution of high Mg-calcite
strates that by evaluating the total alkalinity balance of a sysminerals and accumulation of alkalinity in Devil's Hole in
tem, it can be determined whether the system is buffered oresponse to elevated GQhe seawater pH and aragonite sat-
not from CaCQ dissolution. However, it is important to uration state levels are sufficiently low to negatively affect
keep in mind that evidence of Ca@@issolution does not most shallow water marine calcifiers. Notably, based on the
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average sediment composition and seawater chemistry ob- e It is important to recognize that the alkalinity anomaly

served in Devil's Hole (Andersson et al., 2007), these data
best agree with what is expected based on the Mg-calcite sol-
ubility curve of Plummer and Mackenzie (1974).

In conclusion, at present time and for most shallow water
environments, the rate of G@iptake and the rate of physical
mixing are too fast relative to the rates of net dissolution of
Mg-calcite phases in order for sufficient alkalinity to accu-
mulate and buffer the Cfcarbonic acid system of coastal
ocean ecosystems, including regional coral reef systems.

6 Concluding remarks

In this article we have addressed four topics relevant to OA
research that in our opinion have been associated with mis-
understandings and/or a lack in clarity, which we have en-
countered in various forums including the scientific litera-
ture, conference proceedings, manuscript and proposal re-
views, as well as in discussions with fellow scientists. Our
intention with this article was to raise more fully the aware-
ness of the community to these topics and stimulate further
necessary discussion. In the following, we summarize some
of the key points and propose some potential future research
avenues and practices to consider including:

e For any ocean acidification experiment involving organ-
isms from near-shore environments, what is the natural
range and variability of C®conditions experienced by
these organisms? In many cases, ambiens Candi-
tions are significantly higher than anticipated for equi-
librium with the atmosphere. Hence, it is important to
guantify the variability (i.e., minimum, maximum and
mean) in seawater carbon chemistry properties in both
the natural environment and in experimental setups. It
is absolutely critical that the complete g®@arbonic
acid system (i.e., M, COp, HCO3, CO5~, DIC, TA)
be fully characterized. Obviously, it is similarly impor-

technique and other approaches used to measure calci-
fication are measuring the net effect of gross calcifica-
tion and dissolution. To predict accurately the effect of
OA, for example, on coral reef communities, it would
be beneficial to be able to quantify these processes in-
dependently. What are the major controls of gross cal-
cification and dissolution, and how do they change in
response to rising seawater €@nd decreasing?

It is well established that CaCGQwill dissolve in re-
sponse to high C®and low pH once an equilibrium
threshold has been surpassed. For aragonite and calcite
these thresholds are relatively well known in seawater,
but for biogenic Mg-calcite minerals they are still uncer-
tain in the natural environment. What are these thresh-
olds, what are the controls, and most importantly what
are the controlling factors in the dissolution kinetics of
the reactions involving these mineral phases?

Any attempts to address whether dissolution of CgCO
will significantly buffer seawater of a particular carbon-
ate ecosystem (small or large) need to consider the fol-
lowing questions:

(1) How much CaC@ is available and reactive to
changes in seawater GOhemistry?

(2) What are the kinetics of dissolution, i.e., the mech-
anisms and rates of the reactions?

(3) What is the physical mixing/hydrographic regime?
Accumulation of total alkalinity in static experi-
mental vessels has little relevance to most of the
natural environment, which is well flushed.

(4) What evidence is there of a buffer effect and how is
the significance of this effect defined? Observations
of dissolution alone do not automatically mean that
a significant buffer effect can be produced.

www.biogeosciences.net/9/893/2012/

tant to characterize other relevant environmental param- . : "
o : . Based on the current global socio-economic and political
eters such as temperature, salinity, nutrient, and light

i situation, it is highly unlikely that there will be a significant

conditions. : : o :
reduction or slow-down in C®emissions during the next

Itis usually not justified to discard acid (or base) manip- Several decades. Thus, we can conclude with a very high de-
ulation experiments simply because these experiment§ree of certainty that the atmospheric concentration oy CO
do not exacﬂy mimic the process of anthropogenic OA. will continue to increase and as a result the acid-base balance
There may be other advantages provided by these exof surface seawater will also continue to change. There is no
periments that carefully need to be considered such agloubt that this major change in seawater carbon chemistry
the ability to evaluate physiological processes and conds of great concern in terms of how it will affect individual
duct large-volume experiments and replication of natu-marine organisms, communities, and ecosystems, as well as
ral flow environments. Nevertheless, additional directthe services and resources these systems provide to humans.
side-by-side comparison of acid and £@ddition ex-  To maximize our understanding of this problem, it is becom-
periments are required to put this discussion to resting increasingly important to recognize and learn from pre-
This could also settle some enduring disagreements revious experiences, carefully and objectively assess data and
garding contradictory results that have been attributed€sults, as well as implement more rigorous approaches in
to acid versus C®experimental treatments. OA research.
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