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Abstract. Acidification of seawater owing to oceanic up-
take of atmospheric CO2 originating from human activi-
ties such as burning of fossil fuels and land-use changes
has raised serious concerns regarding its adverse effects
on corals and calcifying communities. Here we demon-
strate a net loss of calcium carbonate (CaCO3) material
as a result of decreased calcification and increased car-
bonate dissolution from replicated subtropical coral reef
communities (n=3) incubated in continuous-flow meso-
cosms subject to future seawater conditions. The calci-
fying community was dominated by the coralMontipora
capitata. Daily average community calcification or Net
Ecosystem Calcification (NEC=CaCO3 production – disso-
lution) was positive at 3.3 mmol CaCO3 m−2 h−1 under am-
bient seawaterpCO2 conditions as opposed to negative at
−0.04 mmol CaCO3 m−2 h−1 under seawater conditions of
double the ambientpCO2. These experimental results pro-
vide support for the conclusion that some net calcifying
communities could become subject to net dissolution in re-
sponse to anthropogenic ocean acidification within this cen-
tury. Nevertheless, individual corals remained healthy, ac-
tively calcified (albeit slower than at present rates), and de-
posited significant amounts of CaCO3 under the prevailing
experimental seawater conditions of elevatedpCO2.

Correspondence to:A. J. Andersson
(andreas.andersson@bios.edu)

1 Introduction

A substantial fraction of the CO2 released to the atmosphere
from human activities is taken up by the ocean (e.g., Macken-
zie et al., 2001; Sabine et al., 2004). CO2 in solution pro-
duces carbonic acid (H2CO3), which is a weak acid and re-
sults in a decrease in seawaterpH (increasing acidity) and
conversion of carbonate ions (CO2−

3 ) to bicarbonate HCO−3
ions. A decrease in CO2−

3 concentration produces a drop in
the seawater saturation state with respect to carbonate min-
erals (�), which is the quotient of the product of the sea-
water concentration of calcium and carbonate ions and an
experimentally determined stoichiometric solubility product
(�=[Ca2+][CO2−

3 ]/K∗
sp). Simplified, the seawater carbon-

ate saturation state index can provide information on the
rates at which marine calcifiers can deposit skeletons and
shells of CaCO3, or the opposite, the rates of dissolution
and disintegration of these phases. Based on thermody-
namic principles, precipitation of CaCO3 is expected when
�>1 and dissolution when�<1. Future model projections
suggest that surface seawater pH will decrease 0.5–0.7 pH
units relative to pre-industrial conditions in the next couple
of centuries under a Business-As-Usual (BAU) CO2 emis-
sion scenario (Caldeira and Wickett, 2003; Andersson, et al.,
2005). Simultaneously, seawater saturation state with respect
to a variety of carbonate minerals will decrease and sea-
water could become undersaturated in many environments
with respect to high Mg-calcite minerals and even arago-
nite (Andersson et al., 2005; Orr et al., 2005; Morse et al.,
2006). As a result, the ability to calcify and the rates of cal-
cification among marine calcifiers are expected to decrease
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significantly. Additionally, dissolution of carbonate sedi-
ments, structures, and even individual organisms could in-
crease (Andersson et al., 2003, 2005; Jokiel et al., 2008).
Despite the fact that surface seawater is supersaturated with
respect to most naturally occurring carbonate mineral phases
at present, dissolution is an ongoing process in sediments and
microenvironments due to microbial metabolic activity (pro-
ducing CO2) and actively boring endoliths (e.g., Alexander-
sson, 1975a, b; Morse and Mackenzie, 1990; Tribollet et al.,
2008). These biological activities lower seawater carbonate
saturation state and create corrosive conditions with respect
to carbonate minerals that subsequently could undergo dis-
solution.

Future projected changes in calcification and carbonate
dissolution resulting from ocean acidification could be dras-
tic and sufficiently large so that coral reef communities and
carbonate ecosystems in general could become subject to
a net loss of CaCO3 material (Kleypas et al., 1999; An-
dersson et al., 2005, 2006, 2007; Yates and Halley, 2006;
Hoegh-Guldberg et al., 2007; Silverman et al., 2009). De-
spite the fact that it is more or less certain carbonate dis-
solution will increase in response to ocean acidification, the
effect of ocean acidification on carbonate dissolution rates
has received relatively little attention compared to the ef-
fect on the ability of organisms to calcify. This is despite
modeling studies (e.g., Andersson et al., 2005, 2006; Silver-
man et al., 2009) showing that the net ecosystem calcification
(NEC=CaCO3 production - dissolution) of global carbonate
ecosystems could become negative in the future.

In the present study, we investigate the effects of future
seawater conditions anticipated by the end of the present cen-
tury and beyond on the NEC, or what typically also is re-
ferred to as net community calcification (G), of a typical sub-
tropical coral reef community including its sediments. The
calcifying community was replicated and incubated in meso-
cosms over a complete, 24-h, diel cycle.

2 Methods

The present diel investigation (21 to 22 June 2006) was a
part of a longer term ocean acidification experiment con-
ducted at the Hawaii Institute of Marine Biology (HIMB)
at Moku O Loe (Coconut Island), Kaneohe Bay, Hawaii
(21.4◦ N, 157.8◦ W) between 31 October 2005 and 8 Au-
gust 2006 (Jokiel et al., 2008; Kuffner et al., 2008). Six
1.165×1.165×0.460 m fiberglass mesocosm tanks (water
level at 0.35 m; Fig. 1) located in full sunlight were con-
tinuously supplied with flowing seawater pumped from ap-
proximately 2 m depth at the edge of the Coconut Island
coral reef at a rate of approximately 7 to 8 l min−1 per meso-
cosm with a turnover rate of approximately 1 h. The sea-
water inflow is located at the bottom in the center of each
mesocosm (see Smith et al., 1977 for details on the meso-
cosm system). Seawater is injected under pressure at a ver-

Fig. 1. Continuous-flow mesocosm facility at Hawaii Institute of
Marine Biology (HIMB).

tical angle, which ensures a uniform and well-mixed system
as confirmed from measurements of chemical and environ-
mental parameters (i.e., there are no gradients in chemical
and environmental parameters throughout the mesocosms).
Three mesocosms were randomly chosen to be maintained
at an ambient chemical state with respect to seawaterpCO2,
pH, [CO2−

3 ], and�. The remaining three mesocosms were
maintained at a chemical state (with respect to these pa-
rameters) anticipated under a doubling of ambient seawa-
ter pCO2 conditions. The carbonic-acid system was ma-
nipulated by constant addition of diluted HCl (1.1 N) using
a 205CA Watson Marlow multi-channel peristaltic pump at
a rate of∼1.3 ml min−1 to the seawater inflow pipes of the
treatment mesocosms. The addition of acid produced a de-
crease in the seawater total alkalinity (TA) and a subsequent
shift in the distribution of dissolved inorganic carbon species
similar to that resulting from uptake of anthropogenic CO2
(e.g., Langdon and Atkinson, 2005). Maintaining seawater
flow and acid addition at constant rates ensured that natural
fluctuations in seawater chemistry on both diel and seasonal
cycles were preserved throughout the duration of the experi-
ment (Kayanne et al., 1995; Frankignoulle et al., 1996; Ohde
and van Woesik, 1999; Bates, 2002). In addition to inflow of
ambient seawater at 7 to 8 l min−1 to the control mesocosms,
these tanks received regular fresh water via the seawater in-
flow pipes at the same rate acid was added to the treatment
mesocosms (i.e., 1.3 ml min−1).

Environmental and chemical parameters were measured in
each mesocosm at least weekly in the long-term experiment
to ensure that the desired treatment conditions were effec-
tive (Jokiel et al., 2008; Kuffner et al., 2008). During the
diel experiment, in situ measurements were made and sea-
water samples collected every 2 and 4 h, respectively, in each
mesocosm and also in the seawater intake lines for a 24-h pe-
riod of time. Measured parameters included temperature and
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salinity (YSI 30 salinity/conductivity/temperature;±0.1◦C;
±0.1 ppt), dissolved oxygen (YSI 95 Dissolved Oxygen Mi-
croelectrode Array Model;±0.2 mg L−1), pHNBS (Accumet
AP72 pH/mV/temperature meter and Oakton fully enclosed
Ag/AgCl combination electrode;±0.01 pH units), TA and
nutrients (PO3−

4 , NO−

2 , NO−

3 , NH4, and Si(OH)4; all data
are presented in supplementary Table S1). TA samples were
collected in 200 ml Kimax brand glass sample bottles and
fixed with 100µL saturated HgCl2 solution. Nutrient sam-
ples were filtered using 0.45µm Millipore filters, stored in
60 ml opaque amber plastic bottles and kept frozen until anal-
ysis. Nutrient analyses were conducted by the Marine Chem-
istry Laboratory at the University of Washington using an
autoanalyzer (Technicon Model AAII). TA was determined
by potentiometric acid titration similar to the procedures de-
scribed by Grashoff et al. (1983) and DOE (1994) using a
Brinkmann Methrohm Dosimat and an Orion Expandable
Ion Analyzer EA920 with an Accumet calomel combina-
tion electrode. The acid (∼0.1 N HCl with an ionic strength
of 0.7) was standardized against certified reference mate-
rial (CRM) prepared in the laboratory of Andrew Dickson
at Scripps Institute of Oceanography. CRMs were analyzed
every 7 samples to ensure accuracy and precision of the titra-
tion system. The 1σ precision of TA analysis was 0.11%
(∼2.5µmol kg−1; n=14). Seawater dissolved inorganic car-
bon parameters and saturation state with respect to carbon-
ate minerals were calculated based on pHNBS and TA using
the program CO2SYS (Lewis and Wallace, 1998) and sto-
ichiometric dissociation constants defined by Mehrbach et
al. (1973) and refit by Dickson and Millero (1987). Con-
stants were redefined on the NBS scale. pHNBS measure-
ments in seawater are not ideal for cross-comparison between
studies or for calculating the carbonic acid system in seawa-
ter owing to the difference in ionic strength between these
mediums (i.e., buffer solution and seawater) and associated
problems with electrode liquid junction potential (e.g., Zeebe
and Wolf-Gladrow, 2003). However, the calculated ambient
daytimepCO2 levels in the present study agreed well with
independent measurements by a NOAA PMELpCO2 buoy
located nearby to the seawater intake line (see supplemental
information of Kuffner et al., 2008) suggesting that the data
are reasonably accurate and robust. Furthermore, it is the rel-
ative difference between treatment and control mesocosms
that is most important in the present investigation. This dif-
ference is little affected by the shortcomings of the pH mea-
surements.

The calcifying community of each mesocosm was com-
prised of an identical number of corals (Pocillopora dam-
icornis and Montipora capitata) and rhodoliths (i.e., crus-
tose coralline algae; e.g.,Lithophyllumcf. pallescens, Hy-
drolithon sp., andPorolithon sp.) introduced to the meso-
cosms well before the present diel study started (2 weeks
to 8 months). The corals covered 20–30% of the bottom of
the tanks, which is a typical coral cover for Hawaiian Reefs.
Other organisms were also present in each mesocosm as a

result of natural settlement of larvae on the mesocosm walls
from the continuous flowing seawater. For example, at the
end of the long-term experiment (beginning of August), turf
algae covered 15–17% of the walls in the mesocosms, bi-
valves 4–6%, and crustose coralline algae 25% and 4% in
the control and treatment mesocosms, respectively (Jokiel
et al., 2008; Kuffner et al., 2008). 53% and 78% of the
walls remained as bare substratum in the control and the
treatment mesocosms, respectively. In addition, barnacles,
vermetids, tunicates, polychaetes, crustaceans, mollusks and
other organisms had recruited into a complex community
as described by Smith et al. (1977) and reported in Jokiel
et al. (2008). Nevertheless, forty colonies ofM. capitata
(Fig. 2) were by far the most dominant calcifying compo-
nent of each mesocosm in terms of both total mass and rate
of calcification. Furthermore, a thin sediment layer of a few
millimeters thickness comprised of very fine-grained carbon-
ate material and organic debris was present at the bottom of
each mesocosm. Some of this material came in through the
seawater intake lines and settled out in the mesocosms, and
some was produced in situ by mechanical disintegration and
as detritus from epiphytic borings of substrates of the biolog-
ical community in the mesocosms.

NEC was calculated according to the procedure outlined in
Fig. 3 (see also supplementary Table S2). Statistical analysis
of measured parameters was conducted using two-way anal-
ysis of variance (ANOVA) with mesocosms and time as fixed
factors. Tukey’s 1-degree of freedom test for non-additivity
was used to evaluate interactions between the fixed factors.
A priori contrasts of control and treatment mesocosms were
used to evaluate the effects of treatment and formed the basis
of the main statistical results reported here.

3 Results

3.1 Seawater CO2 parameters

Acidification of seawater in the treatment mesocosms re-
sulted in a shift in the distribution of dissolved inorganic
carbon parameters and produced conditions in the seawa-
ter with respect topCO2, pH, CO2−

3 and carbonate satu-
ration state that could become reality by the end of this
century and beyond as a result of continued anthropogenic
emissions of CO2 (Table 1; Fig. 4a, b). All these param-
eters were statistically significantly different between treat-
ment and control mesocosms. Because of natural changes in
seawater chemistry on diel time scales owing to metabolic
processes (Kayanne et al., 1995; Frankignoulle et al., 1996;
Ohde and van Woesik, 1999; Bates, 2002), neither control
nor treatment chemical conditions were maintained at con-
stant levels, but as anticipated varied significantly through-
out a diel cycle. Both control and treatment mesocosms
were subject topCO2 levels significantly higher than the
current atmosphericpCO2 and a doubling of the current
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Fig. 2. The calcifying community of each mesocosm was domi-
nated by forty colonies ofMontipora capitata.

level, respectively. However, it is important to realize that
many coral reef environments are subject to surface seawa-
terpCO2s much higher than the overlying atmosphere due to
processes such as calcification and remineraliztion of organic
matter. For example, measurements in Kaneohe Bay made
by E. DeCarlo and colleagues at the University of Hawaii
and NOAA PMEL have on occassion shown surface seawa-
terpCO2 exceeding 1000µatm at present time (http://www.
pmel.noaa.gov/co2/coastal/kbay/CRIMP2all.htm). In the
present study, the absolute difference between treatment and
control mesocosms appeared greater at night than during the
day, but the relative difference remained essentially constant
throughout the 24-h period. On average,pCO2 in the treat-
ment mesocosms exceeded control mesocosms by 104±11%
(daily average (d.a.)pCO2=568µatm and 1147µatm in con-
trol and treatment, respectively), pH was lower by 3.6±0.2%
(d.a. pH=8.0 and 7.76 in control and treatment, respectively),
and [CO2−

3 ] and aragonite saturation state were both lower
by 46±3% (d.a. [CO2−

3 ]=177µmol kg−1 and 97µmol kg−1;
d.a.�aragonite=2.8 and 1.4 in control and treatment, respec-
tively). Thus, the treatment effect represented a doubling of
ambient conditions with respect topCO2. The observed day-
time and nighttimepCO2 in treatment mesocosms roughly
correspond to equilibrium levels with the atmosphere pro-
jected for year 2100 under emission scenarios B1 and A1FI,
respectively (IPCC, 2001). The seawater saturation state
with respect to aragonite was supersaturated in both control
(�arag∼3.6) and treatment (�arag∼2.1) mesocosms during
daytime. While control mesocosms remained supersatu-
rated at night with respect to this mineral phase (�arag∼2),
treatment mesocosms reached values close to equilibrium
(�arag∼1). Consequently, the seawater was undersaturated
with respect to carbonate minerals more soluble than arago-
nite, such as high Mg-calcite phases, at this time and poten-
tially subject to dissolution.

Fig. 3. The mesocosms are well mixed systems and can be rep-
resented by a simple box model. Assuming that changes in total
alkalinity (TA) are uniquely attributed to calcification or carbonate
dissolution, the Net Ecosystem Calcification (NEC) can be easily
calculated according to Eqs. I to III by measuring the TA of the in-
flowing (FinTA) and outflowing (FoutTA) seawater, and the change
in TA per unit time (dTA/dt) of the seawater in the mesocosms be-
tween consecutive sampling times. The NEC is multiplied by 2
owing to the fact that for every 1 mol of CaCO3 precipitated or dis-
solved, 2 mol of TA is produced or removed.

Fig. 4. (A) Seawater partial pressure of CO2 (pCO2) and(B), sat-
uration state with respect to aragonite (�aragonite) in the control
(gray) and treatment (black) mesocosms as a function of time. The
dashed line represents seawater equilibrium with respect to arago-
nite (�=1). (C) NEC in the control and treatment mesocosms dur-
ing a complete diel cycle under the chemical conditions shown in
(A) and (B). Positive values imply net calcification and negative
values imply net dissolution. Error bars denote 1 standard deviation
(n=3).
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Table 1. Average physical and chemical properties in control (n=3; white rows) and treatment mesocosms (n=3; gray rows) and results
of statistical tests. Numbers in parenthesis represent 1 standard deviation.1 is the average 24 h difference between control and treatment
mesocosms relative to the former.

 
25

 

Time 12:00 16:00 20:00 0:00 4:00 8:00 12:00 MEAN† ∆ ∆%

F P F P t P

27.8(0.1) 27.0(0.1) 26.3(0.1) 25.9(0.1) 25.8(0.1) 26.0(0.1) 27.7(0.1) 26.5(0.1) t

27.8(0.1) 26.9(0.1) 26.3(0.1) 26.0(0.1) 25.8(0.1) 26.0(0.1) 27.6(0.1) 26.4(0.1) m

35.0(0.1) 35.2(0.1) 35.2(0.0) 35.2(0.0) 35.3(0.1) 35.2(0.1) 35.2(0.1) 35.2(0.0) t

35.1(0.1) 35.2(0.1) 35.3(0.0) 35.3(0.0) 35.3(0.0) 35.3(0.0) 35.2(0.1) 35.2(0.1) m

272(8) 235(19) 250(32) 239(24) 256(37) 241(25) 254(35) 249(24) t 95.21 <0.0001

249(7) 272(8) 235(19) 250(32) 239(24) 256(37) 241(25) 250(21) m 0.2 =0.9574

0.03(0.00) 0.03(0.00) 0.06(0.00) 0.03(0.00) 0.06(0.01) 0.05(0.00) 0.03(0.00) 0.05(0.00) t 27.66 <0.0001

0.05(0.02) 0.03(0.02) 0.06(0.02) 0.03(0.02) 0.05(0.02) 0.05(0.02) 0.03(0.02) 0.04(0.02) m 27.05 <0.0001

0.17(0.07) 0.19(0.06) 0.49(0.04) 0.25(0.06) 0.44(0.09) 0.41(0.02) 0.18(0.07) 0.32(0.06) t 19.05 <0.0001

0.20(0.04) 0.24(0.05) 0.38(0.06) 0.23(0.10) 0.36(0.04) 0.38(0.05) 0.16(0.08) 0.30(0.06) m 1.39 =0.2627

0.51(0.13) 0.40(0.11) 0.45(0.14) 0.40(0.13) 0.46(0.19) 0.39(0.10) 0.45(0.10) 0.44(0.13) t 10.3 <0.0001

0.39(0.03) 0.27(0.05) 0.26(0.03) 0.23(0.02) 0.24(0.02) 0.28(0.04) 0.33(0.02) 0.28(0.03) m 65.38 <0.0001

0.11(0.02) 0.10(0.00) 0.13(0.01) 0.11(0.01) 0.11(0.01) 0.12(0.01) 0.11(0.02) 0.11(0.01) t 5.22 =0.0020

0.14(0.05) 0.12(0.04) 0.14(0.02) 0.11(0.02) 0.12(0.02) 0.12(0.01) 0.12(0.02) 0.13(0.03) m 13.63 <0.0001

7.94(0.35) 7.39(0.23) 7.20(0.28) 6.78(0.34) 7.06(0.18) 7.34(0.18) 7.71(0.26) 7.28(0.26) t 16.59 <0.0001

8.25(0.36) 7.11(0.21) 6.88(0.24) 6.42(0.38) 6.29(0.36) 7.23(0.04) 7.45(0.16) 7.03(0.26) m 1.36 =0.2728

8.23(0.05) 8.18(0.03) 7.99(0.01) 7.95(0.03) 7.91(0.03) 8.05(0.01) 8.24(0.04) 8.08(0.03) t 203.82 <0.0001

7.95(0.10) 7.86(0.10) 7.69(0.08) 7.67(0.09) 7.62(0.08) 7.77(0.09) 7.97(0.10) 7.76(0.09) m 354.5 <0.0001

2107(5) 2149(28) 2177(11) 2212(6) 2202(8) 2172(4) 2153(9) 2170(10) t 41.11 <0.0001

1977(37) 2025(44) 2027(40) 2058(47) 2058(28) 2036(36) 2014(36) 2030(39) m 234.03 <0.0001

317(42) 379(32) 634(12) 730(60) 806(66) 541(14) 317(39) 568(38) t 45.1 <0.0001

657(154) 854(184) 1319(240) 1394(258) 1588(285) 1072(214) 638(149) 1147(223) m 73.49 <0.0001

1538(47) 1633(44) 1811(13) 1876(25) 1894(25) 1768(6) 1567(46) 1753(27) t 57.33 <0.0001

1650(39) 1752(17) 1839(3) 1875(8) 1896(10) 1813(10) 1670(37) 1785(18) m 3.53 =0.0150

227(17) 207(6) 147(1) 136(8) 125(7) 163(3) 235(14) 177(8) t 49.56 <0.0001

130(27) 109(25) 75(15) 73(16) 65(13) 89(19) 136(29) 97(21) m 89.76 <0.0001

3.6(0.3) 3.3(0.1) 2.3(0.0) 2.2(0.1) 2.0(0.1) 2.6(0.1) 3.8(0.2) 2.8(0.1) t 50.07 <0.0001

2.1(0.4) 1.7(0.4) 1.2(0.2) 1.2(0.3) 1.0(0.2) 1.4(0.3) 2.2(0.5) 1.4(0.3) m 87.22 <0.0001

- 7.2(4.3) 3.8(0.0) -2.2(1.3) 0.2(1.2) 4.4(0.5) 6.5(1.4) 3.3(0.5) t 34.79 <0.0001

- 1.3(0.7) 0.9(1.2) -3.6(1.9) -2.3(2.2) 0.6(1.3) 2.9(1.1) -0.04(1.1) m 12.93 <0.0001
†Mean calculated based on data from 12:00 to 08:00

*Rank transformation applied to data to meet assumptions of ANOVA 

[NO2
-]         

(µmol kg-1)

[NO3
-]         

(µmol kg-1)

[NH4
+]         

(µmol kg-1)

[PO4
3-]        

(µmol kg-1)

[Si(OH)4]       
(µmol kg-1)

p HNBS

NEC*          
(mmol m-2 h-1)

-0.1

0

-0.01

-0.02

-0.16

0.02

-0.25

-0.32

TA            
(µmol kg-1)

579

32

-80

Ωaragonite

p CO2              

(µatm)

[HCO3
-]        

(µmol kg-1)

[CO3
2-]       

(µmol kg-1)

-3.34

0

0

-20

-6

-36

18

-3

-4

-140

-76

-50

DO           
(µmol kg-1)

1 0

-6

109

2

-45

-1.4

43.8 <0.0001 -0.84 =0.4069

0.0 =0.9603 -0.45 =0.6545

2.32 =0.1411 -1.34 =0.1920

0.37 =0.5461 -12.83 <0.0001

1.2 =0.2845 3.23 =0.0035

22.39 =0.0001 -2.34 =0.0274

0.31 =0.5828 -39.71 <0.0001

3.36 =0.0794 -32.63 <0.0001

151.12 <0.0001 17.53 <0.0001

54.6 <0.0001 4.07 <0.0001

60.58 <0.0001 -20.37 <0.0001

64.04 <0.0001 -20.08 <0.0001

11.81 =0.0022 -7.6 <0.0001

variability smaller or equal to analytical precision of instrument

variability smaller or equal to analytical precision of instrument

Two-way analysis of variance 
(ANOVA) by time (t ) and 

mesocosm (m )

Table 1. Average physical and chemical properties in control (n=3; white rows) and treatment mesocosms (n=3; gray rows) and results of statistical tests. Numbers in paranthesis 
represent 1 standard deviation. ∆ is the average 24 hour difference between control and treatment mesocosms relative to the former.

Tukey's 1-degree of freedom 
test for non-additivity

A priori  contrast between 
treatment and control 

mesocosms

T (°C)

S

† Mean calculated based on data from 12:00 to 08:00;
∗ Rank transformation applied to data to meet assumptions of ANOVA.

3.2 Environmental parameters and nutrient concentra-
tions

Daily average temperature, salinity and dissolved oxygen
were close to identical in all mesocosms (Table 1). Nitrate
and nitrite concentrations were statistically not different be-
tween treatment and control mesocosms, but concentrations
of ammonium, phosphate and silicate were significantly
different based on two-way ANOVA and a priori contrasts
(Table 1). It is not clear whether the observed differences
in these cases were due to the seawater acidification treat-
ment or to other factors that were not accounted for. For
example, average ammonium concentration was higher
in the control relative to the treatment mesocosms. This
was possibly due to nitrogen fixation by extensive mats of
cyanobacteria observed on the mesocosm walls in two of
the three control mesocosms at the time of the diel exper-
iment. These mats reoccurred throughout the long-term
experiment, and were observed in both control and treatment
mesocosms with no obvious distinguishable pattern in their

dynamics. Increases in ammonium concentration during
incubations containing cyanobacteria have been observed
and reported in other incubation studies (Kuffner and
Paul, 2001). The reasons for the statistically significant
differences in phosphate (higher in treatment mesocosms)
and silicate concentrations (higher in control mesocosms)
are unknown. Nevertheless, because the observed differ-
ences between treatment and control mesocosms are small
(1[NH+

4 ]∼0.16µmol kg−1; 1[PO3−

4 ]∼0.02µmol kg−1;
1[Si(OH)4]∼0.25µmol kg−1) and the diel variability low
(1diel[NH+

4 ]∼0.12–0.16µmol kg−1; 1diel[PO3−

4 ]∼0.02–
0.03µmol kg−1; 1diel[Si(OH)4]∼1–2µmol kg−1) rel-
ative to the observed changes in TA (1diel[TA] ∼80–
105µmol kg−1; Table 1 and S1), these differences had no
major direct or indirect effect on the observed TA and NEC
calculations.
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3.3 Net ecosystem calcification

The calculated NEC in control mesocosms consistently
exceeded NEC in treatment mesocosms and the differ-
ence was statistically different (Table 1). Net calcifi-
cation, i.e., net accumulation of CaCO3, was observed
in both treatment and control mesocosms during daytime
hours (Fig. 1). The highest average daytime rate (±1 std)
of calcification was 7.2±4.3 mmol m−2 h−1 in the control
mesocosms and 2.9±1.1 mmol m−2 h−1 in the treatment
mesocosms. Net dissolution, i.e., net loss of CaCO3,
was observed in both control and treatment mesocosms
during nighttime. The highest dissolution rate (±1 std)
was −2.2±1.3 mmol m−2 h−1 in the control mesocosms
and−3.6±1.9 mmol m−2 h−1 in the treatment mesocosms.
Marginal positive calcification was observed during one
measurement interval at night (00:00–04:00) in the con-
trol mesocosms. Daily average NEC and CaCO3 ac-
cumulation were equal to 3.3±0.5 mmol CaCO3 m−2 h−1

or 7.9 g CaCO3 m−2 day−1 in the control mesocosms. In
contrast, daily average dissolution exceeded calcification
in the treatment mesocosms and gave rise to a loss
of −0.04±1.1 mmol m−2 h−1 or −0.1 g CaCO3 m−2 day−1.
These results are the net of living community metabolism as
well as carbonate dissolution occurring in the thin sediment
layer that accumulated at the bottom of the mesocosms.

The NEC was correlated to the seawater [CO2−

3 ] and arag-
onite saturation state in both treatment and control meso-
cosms (Fig. 5). The slope of a best fit line of all the data
from the control mesocoms was equal to 4.5 mmol m−2 h−1

per unit change in aragonite saturation state (r2=0.61) and
the line intercepted NEC=0 at an aragonite saturation state
of 1.94. The slope of the best fit line to all the data from
the treatment mesocosms was not as steep as that of the
control mesocosms and equaled 2.9 mmol m−2 h−1 per unit
change in aragonite saturation state (r2=0.31). This line in-
tercepted NEC=0 at an aragonite saturation state of 1.46.
There was significant variability of the slopes of the best
fit lines between replicate mesocosms within both the treat-
ment and the control groups. The slopes varied from 2.4 to
5.7 mmol m−2 h−1 (r2=0.36–0.71) per unit change in arago-
nite saturation state and 3.7 to 5.4 mmol m−2 h−1 (r2=0.47–
0.67) per unit change in aragonite saturation state in the
individual control and treatment mesocosms, respectively.
The aragonite saturation state at which the best fit lines in-
tercepted NEC=0 varied between 1.51 to 2.06 and 0.98 to
1.82 in the control and treatment mesocosms, respectively.
A best fit line to the combined data from both treatment
and control mesocosms had a slope of 3.3 mmol m−2 h−1

(r2=0.59) per unit change in aragonite saturation state and
intercepted NEC=0 at an aragonite saturation state of 1.57.
This intercept corresponds to seawater conditions close to a
metastable equilibrium with a Mg-calcite phase containing
10 mol% MgCO3 based on experimental solubilities derived
by Plummer and Mackenzie (1974). Should these solubil-

Fig. 5. Net ecosystem calcification in treatment (red symbols;
mesocosms: 7, 9, 11) and control (blue symbols; mesocosms:
8, 10, 12) mesocosms as a function of aragonite saturation state
(bottom axis) and carbonate ion concentration (top axis). The
red and blue lines are the best fit lines to the data in treat-
ment (y=−4.3+2.9�arag, r2=0.3; y=−4.3+0.047[CO2−

3 ], r2=0.3)

and control (y=−8.7+4.5�arag, r2=0.6; y=−8.9+0.073[CO2−

3 ],

r2=0.6) mesocosms, respectively. The vertical green lines and asso-
ciated numbers represent the Mg-calcite phase in metastable equi-
librium with the seawater at a given [CO2−

3 ] based on experimental
solubilities of Bischoff et al. (1987, 1993; dashed green lines: 12,
15, 18 mol% Mg-calcite) and Plummer and Mackenzie (1974; solid
green lines: 10, 12, 14 mol% Mg-calcite). At this time, it is not
known what solubilities best represent the behavior of Mg-calcite
minerals in a natural marine system (e.g., Morse et al., 2006; An-
dersson et al., 2008).

ities hold true in the present mesocosm setting, this implies
that the seawater would be undersaturated with respect to any
Mg-calcite phase composition containing 10 mol% or more
MgCO3 and potentially subject to dissolution at this satura-
tion condition. In contrast, experimental solubilities derived
by Bischoff et al. (1987, 1993) suggest that seawater is still
supersaturated with respect to a Mg-calcite phase containing
greater than 18 mol% MgCO3 at this saturation state (Fig. 5).

4 Discussion

The observed diel trend and difference in NEC between con-
trol and treatment mesocosms of the present investigation
agree with expectations based on theory and results from
previous investigations (e.g., Kayanne et al., 1995; Bates,
2002; Langdon et al., 2000; Leclercq et al., 2002; Langdon
and Atkinson, 2005; Yates and Halley, 2006; Silverman et
al., 2007). The diel trend in NEC results from a combina-
tion of changes in seawater CO2 chemistry and community
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metabolism coupled to changes in the light and dark cycle
on this time scale. During daytime, community primary
production consumes CO2 at a greater rate than community
respiration produces it. This raises the seawater saturation
state with respect to carbonate minerals and consequently fa-
vors more rapid calcification (Fig 1.; Gattuso et al., 1999;
Marubini et al., 2003; Langdon and Atkinson, 2005). In
addition, under light conditions, photosynthesizing symbi-
otic algae provide their coral hosts with substantial amounts
of energy that can be utilized for mechanisms such as the
calcium-ATPase pump to control the chemistry of their in-
ternal calcifying fluid and thus enhance calcification (e.g.,
Cohen and McConnaughey, 2003). It has been demonstrated
that corals calcify 3–5 times faster in light compared to dark
conditions, which attests to the important coupling of this
process to photosynthesis in these organisms (Gattuso et al.,
1999; Schneider and Erez, 2006). At night, in the absence
of light and photosynthesis, production of CO2 from respi-
ration lowers seawater saturation state with respect to car-
bonate minerals. Consequently, calcification is slower and
dissolution rates may increase owing to increasingly under-
saturated conditions with respect to carbonate minerals in
microenvironments and in the water column (Fig. 1). For
the same reasons, NEC is anticipated to decrease in response
to risingpCO2 and decreasing seawater carbonate saturation
state arising from human activities. Indeed, the present re-
sults demonstrate lower NEC under elevatedpCO2 condi-
tions in treatment mesocosms compared to NEC under am-
bient conditions in control mesocosms (Fig. 1).

4.1 Calcification-dissolution budget in mesocosms

In the long-term companion study (Jokiel et al., 2008), coral
growth rates were determined at regular intervals using the
buoyant weight technique. If we assume that the daily rate of
calcification remained relatively constant during these inter-
vals, this allows us to calculate daily calcification rates owing
to coral calcification in each mesocosm. Consequently, com-
bining these data with the NEC data provides us an oppor-
tunity to approximate the balance between calcification and
dissolution in each mesocosm. Longer-term measurements
(14 to 21 days) of coral calcification rates during the months
of June and July revealed that the average rate of calcification
(±1 std) attributed to corals equaled 3.9±0.4 mmol m−2 h−1

or 9.4±0.8 grams m−2 day−1 in the control mesocosms and
3.4±0.4 mmol m−2 h−1 or 8.1±1.1 grams m−2 day−1 in the
treatment mesocosms during this time period (Jokiel et al.,
2008).

Thus, if corals were the only calcifiers in the mesocosms,
carbonate mineral dissolution equaled 0.6 mmol m−2 h−1

and 3.44 mmol m−2 h−1 in the control and treatment meso-
cosms, respectively, in order to balance the observed NEC
(Fig. 6). In reality, in addition to the 40 colonies of corals
in each mesocosm, many other calcifiers were present and
contributed to the total ecosystem calcification (see Methods

Fig. 6. Calcification (blue bars), dissolution (red bars) and net
ecosystem calcification (NEC; black bars) in treatment and control
mesocosms. Solid blue part of calcification bars represent calci-
fication by corals determined from the buoyant weight technique
(Rc); the dashed blue part represent estimated calcification by other
calcifiers according to procedure outlined in Table 2 (Ro); solid
part of red bars represent dissolution calculated from the difference
between observed NEC and coral calcification; dashed part of red
bars represent additional dissolution required in order to balance
the complete budget. The dashed part of each bar also represents
increasing uncertainty relative to the solid part of each bar. Error
bars represents 1 standard deviation.

section). The exact contribution from the different calcifiers
is difficult to ascertain. However, based on their surface area
coverage and abundance on the mesocosm walls at the end
of the long-term experiment (31 October 2005 to 8 August
2006; Jokiel et al., 2008), and the fact that the mesocosms
were completely bare at the onset of this experiment, a rough
estimate of their contribution to the NEC can be calculated
based on these data and a few assumptions. In this case we
assumed that coral settlements, vermetids, and barnacles had
the same height as their measured diameter, the thickness of
crustose coralline algae and the total shell thickness of oys-
ters equaled 0.5 mm and 1 mm, respectively (Table 2). Com-
bining these assumptions with the measured surface area, to-
tal volume and total mass of CaCO3 were calculated assum-
ing that the estimated volume was comprised of 100% arag-
onite or calcite. The rate of calcification was calculated by
dividing the total mass of CaCO3 by the total number of days
of the long-term experiment (280 d) normalized per m2 water
column. According to this analysis, crustose coralline algae
and oysters were by far the most important contributors to the
total ecosystem calcification following corals in both con-
trol and treatment mesocosms. Calcification by rhodoliths,
barnacles, vermetids and coral settlements was negligible.
The average total contribution from other calcifiers to the
NEC was 1.0 mmol m−2 h−1 and 0.3 mmol m−2 h−1 in the
control and treatment mesocosms, respectively (Table 2).
Combined with coral calcification, the total calcification in
control and treatment mesocosms was 4.9 mmol m−2 h−1

and 3.7 mmol m−2 h−1, respectively. Consequently, in or-
der to balance the calcification/dissolution budget, i.e.,
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Table 2. Estimated contribution to total calcification by calcifiers other than adult coral colonies in control and treatment mesocosms.

 26

Organisms/calcifiers *no. m-2 *Surface 
area %

*Surface 
area cm2

*Volume 
CaCO3 

cm3

*†Mass 
CaCO3 

gram

 ‡gram      
m-2 d−1

 ‡mmol      
m-2 h−1

CONTROL MESOCOSMS
Rhodoliths 4 - - - 41.3 0.001 0.001
1Coral settlements (ø=2.5 mm) 55 - 2.7 0.7 2.0 0.01 0.002
1Vermetids (ø~5mm) 78.4 - 15.4 7.7 20.9 0.05 0.02
1Barnacles (ø~5.1 mm) 8.3 - 1.7 0.9 2.3 0.01 0.003
2Crustose coralline algae - 25 4680.0 234.0 634.1 1.7 0.7
3Oysters - 5.7 1067.0 106.7 289.2 0.8 0.3
Turf algae - 16.6 3107.5 0 0 0 0
Bare substratum - 53.2 9959.0 0 0 0 0

Total 18833.4 349.9 989.8 2.5 1.0

TREATMENT MESOCOSMS
Rhodoliths 4 - - - 35.1 -0.002 -0.001
1Coral settlements (ø=2.8 mm) 49 - 3.0 0.8 2.5 0.01 0.003
1Vermetids (ø~5mm) 7.7 - 1.5 0.8 2.0 0.01 0.002
1Barnacles (ø~6.0 mm) 4.5 - 1.3 0.8 2.1 0.01 0.002
2Crustose coralline algae - 3.6 673.9 33.7 91.3 0.2 0.1
3Oysters - 4.4 823.7 82.4 223.2 0.6 0.2
Turf algae - 14.5 2714.4 0 0 0 0
Bare substratum - 77.5 14508.0 0 0 0 0

Total 18725.8 118.4 356.2 0.8 0.3

1Assuming same height as diameter
2Assuming 0.5 mm thickness
3Assuming 1 mm total shell thickness
*On mesocosm walls
†Assuming calculated volume is 100% aragonite (ρ=2.93 g cm-3) or calcite (ρ=2.71 g cm-3)
‡Per m2 water column

Calcification rate:

Table 2. Estimated contribution to total calcification by calcifiers other than adult coral colonies in control and treatment 
mesocosms

 

1 Assuming same height as diameter;
2 Assuming 0.5 mm thickness;
3 Assuming 1 mm total shell thickness;
∗ On mesocosm walls;
† Assuming calculated volume is 100% aragonite (ρ=2.93 g cm−3) or calcite (ρ=2.71 g cm−3);
‡ Per m2 water column.

NEC, the estimated average rate of total dissolution equaled
1.6 mmol m−2 h−1 and 3.74 mmol m−2 h−1 in the control and
treatment mesocosms, respectively (Fig. 6).

The results of this analysis suggest that the observed dif-
ference in NEC between ambient and elevatedpCO2 condi-
tions in the present study was due to: 1) marginally slower
calcification in corals (−13%); 2) a smaller contribution to
the total calcification from other calcifiers (−70%) owing to
lower abundances arising from reduced recruitment over the
long-term experiment and most likely also slower calcifica-
tion (Jokiel et al., 2008; Kuffner et al., 2008); and 3), a faster
and greater extent of carbonate dissolution (+134%) under
elevatedpCO2 conditions (Fig. 6).

4.1.1 Calcification: corals

In agreement with previous studies, corals exposed to ele-
vatedpCO2 and lower�aragoniteconditions calcified slower
compared to corals exposed to ambient conditions in the
present investigation. Buoyant weight measurements con-
ducted during the months of June and July suggested a de-
crease in calcification of approximately 13% compared to

a decrease of 15% to 20% observed in the long-term ex-
periment and repeated weight measurements throughout the
10 month duration of the experiment (Jokiel et al., 2008).
The results and the response of corals in other investigations
vary significantly with a decrease in calcification ranging
from 0 to−56% owing to a doubling ofpCO2 (see Table 1.1
Kleypas et al., 2006; e.g., Marubini et al., 2003; Langdon
and Atkinson, 2005; Schneider and Erez, 2006). This large
variability in the response of corals to elevatedpCO2 con-
ditions likely reflects complex interactions of a number of
factors including the influence of additional environmental
parameters (e.g., light, temperature, nutrient concentration,
hydrologic regime), coral host-symbiont interactions and ac-
tivity, life history, species specific responses, as well as dif-
ferent experimental settings. In the present investigation, it
is important to recognize that despite the very high seawater
pCO2 (d.a.pCO2∼1147µatm) and low aragonite saturation
state (d.a.�aragonite∼1.4) prevalent in the treatment meso-
cosms, and the fact that these mesocosms were subject to net
dissolution, individual coral colonies remained healthy, ac-
tively calcified, and deposited significant amounts of CaCO3
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under these conditions. Coral calcification rates in treatment
mesocosms were only marginally reduced compared to cal-
cification rates observed in control mesocosms.

4.1.2 Calcification: other organisms

Based on the results from the long-term experiment of
the present mesocosm investigation, some other calcifiers
appeared drastically negatively affected by the prevailing
high seawaterpCO2 and low �aragonite treatment condi-
tions whereas others did not appear affected at all (Jokiel
et al., 2008). For example, physical dissolution was ob-
served in Mg-calcite rhodoliths that lost mass throughout
the long-term experiment in the treatment mesocosms (Jok-
iel et al., 2008). Similarly, recruitment of crustose coralline
algae (CCA) depositing Mg-calcite containing 13–14 mol%
MgCO3 was significantly reduced by as much as 85% un-
der treatment conditions (Jokiel et al., 2008; Kuffner et al.,
2008). Interestingly, both rhodoliths and CCA deposit cal-
cium carbonate minerals containing significant proportions
magnesium, i.e., high Mg-calcite. Considering that the treat-
ment mesocosms were at times undersaturated with respect
to all Mg-calcite minerals more soluble than aragonite, it
is not surprising that these organisms were negatively af-
fected since they were potentially subject to dissolution at
these times. In contrast, there was no significant difference
in the percent cover of oysters and the number of barnacles
on the walls of treatment and control mesocosms (Jokiel et
al., 2008). Oysters commonly deposit Mg-calcite containing
a few mol% MgCO3 (low Mg-calcite) or aragonite and the
seawater remained supersaturated with respect to these min-
eral phases. Barnacles commonly deposit high Mg-calcite,
but in terms of their abundance, they appeared little affected
by the treatment seawater conditions. However, it is possi-
ble that other properties of these organisms could have been
negatively impacted that were not measured. For example, a
recent study investigating the effect of ocean acidification on
barnacles (pHNBS of 7.4 vs. 8.2) observed no negative effect
on larval and adult growth and development, but observed
a 33% reduction in juvenile settlement and also weaker
strength of adult’s shell walls (McDonald et al., 2009). Other
investigators have demonstrated reduced growth and calcifi-
cation rates in organisms depositing high Mg-calcite such as
coralline algae exposed to elevatedpCO2 conditions (e.g.,
Agegian, 1985; Smith and Roth, 1979; Gao et al., 1993; An-
thony et al., 2008; Martin and Gattuso, 2009). Similar re-
sponses have also been observed in oysters (Gazeau et al.,
2007).

4.1.3 Carbonate dissolution

Carbonate dissolution is an ongoing process in all coral reef
environments resulting from the metabolic activity of mi-
crobes generating corrosive conditions in microenvironments
and sediment pore waters, as well as endolithic microor-

ganisms actively colonizing and penetrating carbonate sub-
strates (Alexandersson, 1975b; Tribollet, 2008; Tribollet et
al., 2009). Consequently, a decrease in seawater saturation
state with respect to carbonate minerals due to risingpCO2
will result in increasingly corrosive conditions with respect
to these mineral phases and subsequently increased rates of
dissolution. Thus, it is not surprising that the estimated rates
of dissolution in treatment mesocosms exceeded the rates of
dissolution in control mesocosms. Because Mg-calcite min-
erals with a significant mol% Mg are more soluble than both
aragonite and calcite, these mineral phases are likely to be the
first responders to increasing CO2 conditions (Morse et al.,
2006). This was evident by the loss of mass in Mg-calcite
rhodoliths in treatment mesocosms. However, most of the
dissolution most likely occurred in the thin sediment layer
present on the bottom of the tanks. This layer accumulated
throughout the long-term experiment as a result of physical
and biological dissolution and disintegration processes inside
the mesocosms as well as deposition of small particles trans-
ported via the seawater intake lines. This material was very
fine-grained and thus had a high specific surface area making
it susceptible to dissolution. Regrettably, no mineral com-
position or grain size analysis were conducted on this ma-
terial, but mineral analysis of surface sediments throughout
Kaneohe Bay showed an average Mg-calcite composition of
13-15 mol% MgCO3 constituting∼40% of the total carbon-
ate reservoir compared to∼50% aragonite and∼10% calcite
(Andersson, unpublished data). Furthermore, as seawater
aragonite saturation states in treatment mesocosms at times
were close to equilibrium, it is likely microenvironments in
the sediment layer were undersaturated with respect to this
mineral phase and potentially subject to dissolution.

Estimates of carbonate dissolution from a range of differ-
ent tropical and subtropical environments range from 0.1–
7 mmol m−2 h−1 (see Table 3 in Andersson et al., 2007;
e.g., Kinsey, 1978; Langdon et al., 2000; Yates and Halley,
2006). Thus, the present estimates of 1.6 mmol m−2 h−1 and
3.74 mmol m−2 h−1 in the control and treatment mesocosms,
respectively, fall within this range. In general, dissolution
rates increase with increasing seawaterpCO2 and decreas-
ing carbonate saturation state within a specific experiment,
but dissolution rates vary significantly between different ex-
periments and environments. It has also been demonstrated
that the extent of dissolution owing to euendolithic microor-
ganisms increases under elevated seawater CO2 conditions
(Tribollet et al., 2009). Similar to the effect of elevated CO2
on coral calcification, the extent and rate of carbonate disso-
lution are affected by many parameters in addition to seawa-
ter CO2 chemistry including microbial activity, organic mat-
ter content and reactivity, hydrologic regime, sediment grain
size and surface area, and sediment composition (e.g., aver-
age mol% Mg-calcite composition and content).

www.biogeosciences.net/6/1811/2009/ Biogeosciences, 6, 1811–1823, 2009



1820 A. J. Andersson et al.: Net Loss of CaCO3 from a subtropical calcifying community

4.2 NEC in different coral reef communities andpCO2
conditions

The observed daily NEC in control (7.9 g CaCO3 m−2

day−1) and treatment (−0.1 g CaCO3 m−2 day−1) meso-
cosms of the present investigation falls within the range
of results achieved for a number of different studies in-
vestigating community calcification either in situ or in
mesocosms for a range of different coral reef commu-
nities, substratum types, CO2 conditions and different
approaches used to calculate NEC. The daily average net
community calcification rates in these studies range from
−1 g CaCO3 m−2 day−1 to 25 g CaCO3 m−2 day−1 (e.g.,
Gattuso et al., 1996; Boucher et al., 1998; Langdon et
al., 2000; Leclercq et al., 2002; Bates, 2002; Yates and
Halley, 2006; Silverman et al., 2007). Although most studies
are based on the associated decrease or increase in total
alkalinity for every mol CaCO3 precipitated or dissolved,
respectively (i.e., alkalinity anomaly technique; Smith and
Key, 1975; Smith and Kinsey, 1978), the duration of these
investigations range from short term experiments (∼1–3 h)
under light and dark conditions extrapolated to a daily cycle
(Gattuso et al., 1996; Boucher et al., 1998; Leclercq et al.,
2002) to discrete measurements every 3–4 h over complete
diel cycles (24–48 h; Yates and Halley, 2006; Silverman et
al., 2007), and even longer time periods (Langdon et al.,
2000). Because of the large differences in experimental
settings and conditions, it is not informative to make direct
comparisons of results between all these studies and the
present investigation. Focusing on studies of similar dura-
tion to the present investigation, Yates and Halley (2006)
reported daily community calcification rates on patch reefs
on the Molokai reef flat, Hawaii, based on incubations us-
ing the SHARQ chamber of−0.7 g CaCO3 m−2 day−1

(10% coral cover; d.a. pCO2∼500µatm; d.a.
�aragonite∼2.8), 0.4 g CaCO3 m−2 day−1 (10% coral
cover; d.a. pCO2∼930µatm; d.a. �aragonite∼1.9),
and 0.3 g CaCO3 m−2 day−1 (22% coral cover; d.a.
pCO2∼590µatm; d.a.�aragonite∼2.5). Interestingly, al-
though net community calcification appeared correlated
to seawaterpCO2 and �aragonite in each one of these
experiments, no apparent trend was obvious as a function of
these parameters between experiments. These differences
probably highlight the many factors previously discussed
that may play a role affecting calcification and dissolu-
tion processes, and thus, the net ecosystem calcification.
In another study, Silverman et al. (2007) reported daily
community calcification rates of 6±2 g CaCO3 m−2 day−1

during summer and 3±2 g CaCO3 m−2 day−1 during winter
from a fringing reef of 20–40% coral cover in the Gulf of
Aqaba, Red Sea. Net community calcification rates were
strongly correlated to the natural range of seawater�aragonite
ranging from∼3.7–4.5. Additional studies investigating the
effect of rising levels of CO2 and decreasing� on coral
reef community calcification show a consistent decrease in

the daily rate of calcification concurrent with changes in
these parameters (e.g., Langdon et al., 2000; Leclercq et
al., 2002). However, under dark conditions, Leclercq et al.
(2002) observed net carbonate dissolution in a mesocosm
experiment of a coral community comprised of corals,
coralline algae and calcareous sand, but did not observe
any correlation between the rate of dissolution and the
surface seawater�aragonite. These authors suggested that the
carbonate saturation state of the sediment pore-water and
the rate of carbonate dissolution were mostly controlled by
microbial respiration in the sediments and little affected by
the carbonate saturation state of the overlying seawater.

Similar to the present study, Langdon et al. (2000) ob-
served marginal net ecosystem dissolution in their Bio-
sphere 2 experiment at seawater�aragonite ranging from
1.17–1.35. Amphiroa rigida, a red coralline alga that de-
posits high Mg-calcite (22 mol% MgCO3 in this experiment)
was an important component of the Biosphere calcifying
community. Based on this study and the results of the present
investigation, it may be speculated that the transition of a
coral ecosystem from net accumulation of CaCO3 to a state
of net dissolution may be significantly dependent on the com-
position and contribution to the total ecosystem calcifica-
tion from organisms depositing high Mg-calcite as well as
the content and average composition of these mineral phases
in the sediments. Since high Mg-calcite mineral phases are
more soluble than both calcite and aragonite, these are the
first mineral phases that will become subject to dissolution
owing to risingpCO2 and decreasing carbonate saturation
state (Morse et al., 2006; Andersson et al., 2007). For
the same reason, it is likely organisms depositing high Mg-
calcite minerals, e.g., coralline algae, will experience severe
negative consequences as a result of ocean acidification be-
fore organisms such as corals, which deposit aragonite (An-
dersson et al., 2008).

4.3 NEC vs.pCO2, CO2−

3 , �, and “critical threshold”
values

Although calcification by marine organisms is influenced by
many parameters including light, temperature and nutrients,
seawater [CO2−

3 ] and carbonate saturation state have an ap-
parent strong control on calcification rates of both individ-
ual organisms and entire communities (Gattuso et al., 1999;
Langdon et al., 2000; Schneider and Erez, 2006; Silver-
man et al., 2007). Similar to the large variability observed
in calcification and dissolution rates as a function of differ-
ent CO2 conditions, the dependence of calcification and dis-
solution on [CO2−

3 ] and � i.e., the slope and the zero in-
tercept will vary significantly between different organisms
and environments. Nevertheless, these empirical relation-
ships are important because they are the only way to re-
alistically parameterize models and conduct future model
predictions (e.g., Andersson et al., 2003, 2005; McNeil et
al., 2004; Silverman et al., 2009). Some investigators have
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attempted to define a critical threshold value with respect to
either pCO2 or [CO2−

3 ] when dissolution will equal calci-
fication (i.e., NEC=0) in different tropical and subtropical
coral reef environments (Yates and Halley, 2006). It is im-
portant to realize that such threshold values will vary sig-
nificantly from environment to environment as a result of
a myriad of factors that are difficult to account for accu-
rately and depend on the temporal and spatial scale being
considered. For example, Yates and Halley (2006) observed
that critical thresholds with respect topCO2 and [CO2−

3 ]
ranged from 467–1003µatm and 113–184µmol kg−1, re-
spectively, for several environments including sand bottom,
coral rubble and patch reefs of 10–22% coral cover. In the
present study, this threshold occurred at [CO2−

3 ] of 61.0–
130.0µmol kg−1 based on the relationships derived from in-
dividual mesocosms, 91.8µmol kg−1 and 122.9µmol kg−1

based on the relationships derived for treatment and control
mesocosms, respectively, and 98.5µmol kg−1 based on the
combined dataset (Fig. 5). However, what is important in this
context is not the precise threshold value but rather the cur-
rent trend and the relatively small changes in seawater chem-
istry required to reverse the net effect of marine calcification
and carbonate dissolution. These conditions are expected to
become reality within several decades under a business-as-
usual CO2 emission scenario. Some environments, such as
the coral reef of Bermuda (32◦ N), may become subject to a
net loss in CaCO3 much sooner than ecosystems located at
more tropical latitudes because of already lower average sea-
water [CO2−

3 ] and� at higher latitude locations (e.g., Kley-
pas et al., 1999). A recent model study suggest that all coral
reefs will cease to grow and start to dissolve (i.e., NEC<=0)
at an atmospheric CO2 concentration of 560 ppm owing to
reduced rates of calcification and a significant reduction in
coral cover as a result of coral bleaching (Silverman et al.,
2009). In the absence of the effect of warming and coral
bleaching, net ecosystem dissolution in the present investi-
gation became reality at much higher seawaterpCO2 condi-
tions than projected in this model. In addition, despite the
fact that the mesocosm ecosystem was subject to net dissolu-
tion, individual coral colonies remained healthy and actively
calcified at this condition. In this context, it is important to
make the distinction and to realize that coral reef ecosys-
tems will become subject to a condition of net dissolution
before individual coral colonies are likely to experience this
condition as a result of risingpCO2 and decreasing seawa-
ter carbonate saturation state. However, as is evident from
the results of Silverman et al. (2009) and other studies (e.g.,
Reynaud et al., 2003; Hoegh-Guldberg et al., 2005, 2007;
Anthony et al., 2008), additional stressors owing to global
warming, coral bleaching, and crown-of-star outbreaks may,
combined with ocean acidification, pose exceptional chal-
lenging conditions for corals and coral reefs to sustain them-
selves in a future high CO2 world.

4.4 Broader scale implications of results

As previously discussed, the observed difference in NEC
between ambient and future seawater conditions is consis-
tent with what we might expect as a result of lower seawa-
ter carbonate saturation state, i.e., slower calcification and
faster dissolution. However, the fact that the daily average
NEC reached negative values under the prevailing chemical
conditions of the treatment mesocosms has important im-
plications for the function and role of coral reefs and car-
bonate environments in the cycling of carbon should these
conditions materialize in the natural environment. Since the
sea level low stand of the last glacial maximum (∼18 000
years before present) and concurrent with the rise in sea
level and the evolution of the present coastal ocean, signifi-
cant accumulations of biologically produced CaCO3 have oc-
curred throughout shallow-water ocean environments world-
wide (Milliman, 1993; Milliman and Droxler, 1996). Thus,
the transition from net accumulation of CaCO3 to a net loss
represents a major reversal of a process that has been in ef-
fect for thousands of years. Interestingly, the transition to
negative NEC acts as a weak negative feedback to rising an-
thropogenic CO2 and ocean acidification since dissolution of
calcium carbonate minerals consumes CO2 through the reac-
tion:

CaCO3 + CO2 + H2O = Ca2+
+ 2HCO−

3 .

Furthermore, this reaction increases alkalinity which fur-
ther increases the capacity of the seawater to absorb more
CO2. However, this process is slow relative to the rate at
which human activities are changing the chemistry of surface
seawater and it has been demonstrated that it will not produce
sufficient alkalinity to produce a significant buffer effect on
time scales of decades to centuries either on a global or a
regional spatial scale (e.g., Andersson et al., 2003, 2005).

Based on the current global socio-economic situation, it is
highly unlikely that anthropogenic CO2 emissions to the at-
mosphere will decrease in the next several decades. Regard-
less of the effect of this additional CO2 accumulating in the
atmosphere on the magnitude of change of future global aver-
age temperature, which is still debated, the oceans will con-
tinue to absorb a significant fraction of this gas causing in-
creased acidity and all the potential ecological consequences
associated with this major change in seawater chemistry.
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