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Abstract. Although future changes in the seawater carbon-
ate chemistry are well constrained, their impact on marine
organisms and ecosystems remains poorly known. The bi-
ological response to ocean acidification is a recent field of
research as most purposeful experiments have only been car-
ried out in the late 1990s. The potentially dire consequences
of ocean acidification attract scientists and students with a
limited knowledge of the carbonate chemistry and its exper-
imental manipulation. Hence, some guidelines on carbon-
ate chemistry manipulations may be helpful for the growing
ocean acidification community to maintain comparability.
Perturbation experiments are one of the key approaches used
to investigate the biological response to elevated pCO2. They
are based on measurements of physiological or metabolic
processes in organisms and communities exposed to sea-
water with normal or altered carbonate chemistry. Seawa-
ter chemistry can be manipulated in different ways depend-
ing on the facilities available and on the question being ad-
dressed. The goal of this paper is (1) to examine the benefits
and drawbacks of various manipulation techniques and (2) to
describe a new version of the R software package seacarb
which includes new functions aimed at assisting the design
of ocean acidification perturbation experiments. Three ap-
proaches closely mimic the on-going and future changes in
the seawater carbonate chemistry: gas bubbling, addition of
high-CO2 seawater as well as combined additions of acid and
bicarbonate and/or carbonate.

Correspondence to: J.-P. Gattuso
(gattuso@obs-vlfr.fr)

1 Introduction

Ocean acidification refers to the on-going decrease in ocean
pH as a result of the uptake of anthropogenic carbon diox-
ide (CO2) in the ocean. The partial pressure of CO2 (pCO2)
increases in the atmosphere due to anthropogenic inputs. It
has increased by about 40% (267 to 384 µatm) since the be-
ginning of the industrial revolution leading to changes in the
Earth’s climate and in the functioning of terrestrial ecosys-
tems. The world’s oceans currently absorb on average about
one metric ton of CO2 produced by each person every year. It
is estimated that the surface waters of the oceans have taken
up 118 PgC, or about 25% of the carbon generated by hu-
man activities since 1800 (Sabine et al., 2004). The increase
of pCO2 profoundly affects the seawater carbonate system
(Table 1). It increases the concentrations of bicarbonate and
dissolved inorganic carbon, and lowers pH, the concentra-
tion of carbonate ions (CO2−3 ) and the saturation state of the
major shell-forming carbonate minerals:

CO2 + CO2−3 + H2O → 2HCO−
3

Surface ocean pH is estimated to have decreased from ap-
proximately 8.20 to 8.07 between preindustrial time and the
1990s and may reach 7.79 in 2100 (Table 1). The expression
“ocean acidification” refers to the decrease in pH but does
not imply that the pH of surface ocean waters will become
acidic (below 7.0) any time soon.
Although the chemistry of ocean acidification is very well

known, the associated impacts on marine organisms and
ecosystems remain poorly known. The impact of low pH on
marine organisms started to be investigated several decades
ago (e.g. Bouxin, 1926), yet research into the biological re-
sponse to ocean acidification is still in its infancy: the first
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Introduction

• First purposeful experiments have only been carried out 
in the 1980s (Agegian, 1985) and most after the late 
1990s

• Newcomers with a limited knowledge of the carbonate 
chemistry and its experimental manipulation; some 
guidelines could be helpful 

• Standardization of measurement of parameters 
completed (Dickson et al., 2007)

• Perturbation experiments: one of the key approaches; 
physiological and biogeochemical measurements in 
seawater with normal or altered chemistry

• Seawater chemistry can be manipulated using different 
ways



Goals

1. Examine the benefits and drawbacks of various 
methods used to date

2. Provide simple seacarb functions to assist the 
design of perturbation experiments

3. Provide guidelines for choosing CO2 levels
4. Provide other recommendations on the 

experimental set-up



Outline

• seacarb (introduced on Monday)

• Main approaches to set and maintain the initial 
chemistry
– Changing DIC at constant AT

• Gas bubbling
• Addition of strong acid as well as CO32- and/or HCO3- 

• Addition of high-CO2 sea water
– Changing AT at constant DIC: addition of acid
– Changing AT and DIC: addition of CO32- and/or HCO3-

– Manipulation of [Ca2+]

• Guidelines for choosing pCO2 levels

• Maintaining the chemistry during the expts

• Other recommendations

• Summary and conclusions



Assumptions in following examples

• Atmospheric pCO2 = 384 µatm

• Target pCO2 = 793 µatm

• Salinity = 34.9

• Temperature = 18.9°C

• Calculations are done for surface waters

• Concentrations of total phosphate and silicate 
are assumed to be 0

• Methods to reach the initial carbon chemistry 
(biological impacts addressed later)



What are we trying to accomplish?
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Changing DIC at constant TA



Gas bubbling

• System open to the atmosphere:
• TA unaffected
• If all goes well, pCO2 reaches the value of the 

bubbled air

• Example: 
seawater with pCO2=384 µatm and TA=2325 × 
10−6 mol kg−1 is bubbled with air of pCO2=793 
µatm

• seacarb function:



Gas bubbling
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Gas bubbling
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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measured
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• gases (acid/base) delivered until target pH 
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pumps)
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Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Gas bubbling
• Recommended; efficient way to reach target 

values
• First example: Smith & Roth (1979)
• Two main approaches:

– pH- (or pCO2-stat):
• pH (pCO2) monitored; AT assumed constant or 

measured
• controller opens and closes valves when pH 

(pCO2) deviates from target value
• gases (acid/base) delivered until target pH 

(pCO2) is reached
• gases: (1) air and CO2, (2) CO2-free air and CO2 

or (3) CO2-free air, air and CO2
• CO2-free air obtained using molecular sieves or 

CO2 scrubbers such as soda lime or NaOH and 
Ca(OH)2

• drawback: daily calibration
– bubbling with premixed gases (purchased or 

made with mass flow controllers or gas mixing 
pumps)

• Good control of pH and pCO2, compensates 
changes due to photosynthesis and 
respiration. Does not compensate changes 
due to precipitation and dissolution of 
CaCO3 (lower TA and [Ca2+])

• Not suitable for certain microalgae; can also 
lead to coagulation of DOM

J.-L. Teyssié (IAEA)J.-L. Teyssié (IAEA)

Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Gas bubbling
• Recommended; efficient way to reach target 

values
• First example: Smith & Roth (1979)
• Two main approaches:

– pH- (or pCO2-stat):
• pH (pCO2) monitored; AT assumed constant or 

measured
• controller opens and closes valves when pH 

(pCO2) deviates from target value
• gases (acid/base) delivered until target pH 

(pCO2) is reached
• gases: (1) air and CO2, (2) CO2-free air and CO2 

or (3) CO2-free air, air and CO2
• CO2-free air obtained using molecular sieves or 

CO2 scrubbers such as soda lime or NaOH and 
Ca(OH)2

• drawback: daily calibration
– bubbling with premixed gases (purchased or 

made with mass flow controllers or gas mixing 
pumps)

• Good control of pH and pCO2, compensates 
changes due to photosynthesis and 
respiration. Does not compensate changes 
due to precipitation and dissolution of 
CaCO3 (lower TA and [Ca2+])

• Not suitable for certain microalgae; can also 
lead to coagulation of DOM

F. Gazeau (CNRS)F. Gazeau (CNRS)

Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Gas bubbling
• Recommended; efficient way to reach target 

values
• First example: Smith & Roth (1979)
• Two main approaches:

– pH- (or pCO2-stat):
• pH (pCO2) monitored; AT assumed constant or 

measured
• controller opens and closes valves when pH 

(pCO2) deviates from target value
• gases (acid/base) delivered until target pH 

(pCO2) is reached
• gases: (1) air and CO2, (2) CO2-free air and CO2 

or (3) CO2-free air, air and CO2
• CO2-free air obtained using molecular sieves or 

CO2 scrubbers such as soda lime or NaOH and 
Ca(OH)2

• drawback: daily calibration
– bubbling with premixed gases (purchased or 

made with mass flow controllers or gas mixing 
pumps)

• Good control of pH and pCO2, compensates 
changes due to photosynthesis and 
respiration. Does not compensate changes 
due to precipitation and dissolution of 
CaCO3 (lower TA and [Ca2+])

• Not suitable for certain microalgae; can also 
lead to coagulation of DOM

Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Gas bubbling
• Recommended; efficient way to reach target 

values
• First example: Smith & Roth (1979)
• Two main approaches:

– pH- (or pCO2-stat):
• pH (pCO2) monitored; AT assumed constant or 

measured
• controller opens and closes valves when pH 

(pCO2) deviates from target value
• gases (acid/base) delivered until target pH 

(pCO2) is reached
• gases: (1) air and CO2, (2) CO2-free air and CO2 

or (3) CO2-free air, air and CO2
• CO2-free air obtained using molecular sieves or 

CO2 scrubbers such as soda lime or NaOH and 
Ca(OH)2

• drawback: daily calibration
– bubbling with premixed gases (purchased or 

made with mass flow controllers or gas mixing 
pumps)

• Good control of pH and pCO2, compensates 
changes due to photosynthesis and 
respiration. Does not compensate changes 
due to precipitation and dissolution of 
CaCO3 (lower TA and [Ca2+])

• Not suitable for certain microalgae; can also 
lead to coagulation of DOM

J.-P. Gattuso (CNRS)J.-P. Gattuso (CNRS)

Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Gas bubbling
• Recommended; efficient way to reach target 

values
• First example: Smith & Roth (1979)
• Two main approaches:

– pH- (or pCO2-stat):
• pH (pCO2) monitored; AT assumed constant or 

measured
• controller opens and closes valves when pH 

(pCO2) deviates from target value
• gases (acid/base) delivered until target pH 

(pCO2) is reached
• gases: (1) air and CO2, (2) CO2-free air and CO2 

or (3) CO2-free air, air and CO2
• CO2-free air obtained using molecular sieves or 

CO2 scrubbers such as soda lime or NaOH and 
Ca(OH)2

• drawback: daily calibration
– bubbling with premixed gases (purchased or 

made with mass flow controllers or gas mixing 
pumps)

• Good control of pH and pCO2, compensates 
changes due to photosynthesis and 
respiration. Does not compensate changes 
due to precipitation and dissolution of 
CaCO3 (lower TA and [Ca2+])

• Not suitable for certain microalgae; can also 
lead to coagulation of DOM

Mar Ecol Prog Ser 261: 111–122, 2003

Alkalinity and pCO2 control. Triplicate 20 ml samples
were collected every day at 8:00 h in both chemostats as
well as in the culture medium for determination of total
alkalinity (TA). They were immediately filtered onto
glass-fiber filters (Whatman GF/C) and analyzed. TA
was determined potentiometrically using the Gran
method with a glass combination electrode (Orion
8102SC) calibrated on the National Bureau of Standards
(US). pH scale and 0.10 N hydrochloric acid (Merck
109060). The precision of the measurements was as-
sessed against a standard provided by A. G. Dickson
(University of California, San Diego). The average of 8
replicate titrations was 2.9 µmol kg–1 higher than the
nominal TA of the standard (2189.56 ± 0.004 vs 2186.62
± 0.36 mol kg–1; mean ± 95% confidence limits).

The pCO2 in the chemostats was controlled using a
pH-stat approach: pH was regulated by adjusting the
delivery of 3 gases (air, pure CO2 and CO2-free air
obtained by passing air through a scrubber filled with
soda lime) into the cultures using solenoid valves.
Because TA varied in the cultures, depending on the
magnitude of the rates of calcification, the desired pH
was determined daily. It was calculated using TA and
the desired pCO2 as described by Zeebe & Wolf-
Gladrow (2001). The pH was measured at 1 s intervals
using glass combination electrodes (Orion 8102SC)
calibrated daily using the Seawater scale buffers Tris
and 2-aminopyridine (Dickson 1993). It varied from
7.82 in the LH culture after the pCO2 increase to 8.02 in
both cultures before time zero (t0) (Table 1). Tempera-
ture was also measured at 1 s intervals with Pt100
platinum resistance sensors.

When the measured pH was lower or higher than
that desired, CO2-free air or a mixture of air and pure
CO2 was bubbled into the chemostats to raise or lower
the pH, respectively. All calculations related to the sea-
water carbonate system were made according to Dick-
son & Goyet (1994). The accuracy of the pCO2 control
was ±12 to ±41 µat (1 SD; Table 1). pCO2 increased by
72% in the LH culture, with no overlap of the standard
deviations. A CO2 control was run for both chemostats
during most of Phase 1 of the experiment. An electrical
interference scrambled the pH signals in both cultures
during the early part of Phase 2 and could not be sup-
pressed at the time. The pCO2 control system of the LH
culture was therefore left in operation while ambient
air was bubbled through the LL culture, whose control
system was switched off. The pH in the LL culture was
then measured several times a day by shifting the pH
electrode from the LH to the LL culture. This technical
problem did not affect the experiment, as pCO2 values
in the LL culture before and after t0 were similar
(Fig. 1), with overlapping SD.

Particulate organic and inorganic carbon and nitro-
gen. The concentrations of particulate carbon (PC),
and nitrogen (PN), were determined every day or
twice a day on triplicate samples. We filtered 50 ml
onto precombusted glass-fiber filters (Whatman GF/F);
these were then dried at 60°C and analyzed with a
LECO 900 CHN analyzer. Particulate organic carbon
(POC) was measured with the CHN analyzer using
acidified samples (1 h above HCl fumes). The repli-
cates typically agreed to within 5%. Particulate inor-
ganic carbon (PIC) contained in free and attached coc-
coliths was calculated by the difference between PC
and POC.
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Culture pH pCO2 HCO–
3 CO2

3
– CO2

(ppm) (µM kg–1) (µM kg–1) (µM kg–1)

Before t0

LH 8.021 412 1814 162 15.1
(0.009) (12) (20) (4) (0.5)

LL 8.014 417 1805 159 15.3
(0.011) (12) (8) (4) (0.4)

After t0

LH 7.824 708 1976 112 25.9
(0.006) (13) (24) (2) (0.5)

LL 8.022 404 1769 158 14.8
(0.033) (41) (25) (10) (1.5)

Var
LH –2.45 72 –8.9 –31 72
LL –0.10 –3.1 –1.9 –0.3 –2.9

Table 1. Emiliania huxleyi. Mean (SD) values of the dissolved
inorganic carbon system components for the 2 cultures LH
(low to high pCO2) and LL (continuously low pCO2), before
and after shift in partial pressure of CO2 (pCO2) in the LH 
culture at t 0 (time zero). Var: percentage variation between 

and after t0

Fig. 1. Control of partial pressure of CO2 (pCO2) in LH and LL 
(low to high pCO2) and LL (continuously low pCO2)
chemostats. At time zero (t0) pCO2 was increased in LH cul-
ture and maintained constant around 707 ppm, but was left 

unchanged in LL culture

Sciandra et al. (2003)



Addition of high-CO2 sea water

• Example:
In a closed system, 0.99624 kg of seawater 
(pCO2=384 µatm and AT=2325 µmol kg−1) is mixed 
with 0.00376 kg of seawater saturated with CO2 (106 
µatm) and the same AT

• seacarb function:



Mixing with high-CO2 sea water
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the

Biogeosciences, 6, 2121–2133, 2009 www.biogeosciences.net/6/2121/2009/
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Addition of high-CO2 sea water

• Can be recommended

• Used only twice (?):
– lab expts (McGraw et al., unpubl.)
– mesocosm expts: 100 l in 60 m3 (Schulz et al., unpubl.)

• not easy to precisely adjust to target values
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Addition of HCO3- and/or CO32- as well as 
acid

• Two steps:
– addition of HCO3- and/or CO32- to elevate DIC to the 

desired level
– addition of acid (at constant DIC) to cancel out the 

increase in AT

• Adding 15.3 x 10−6 mol kg−1 of CO32- and 111.2 x 10−6 mol 
kg−1 of HCO3- increases DIC, adding 14.18 ml of HCl 0.01N 
restores AT to its initial value of 2325 x 10−6 mol kg−1 and 
all final carbonate parameters are on the target values
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the

Biogeosciences, 6, 2121–2133, 2009 www.biogeosciences.net/6/2121/2009/

Gattuso & Lavigne (2009)



Addition of HCO3- and/or CO32- as well as 
acid

• Recommended
• Not frequently used (Borowitzka, 1981)
• Very precise control of the carbonate chemistry
• Cannot be used in flow-through systems
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Addition of strong acid or base

• System closed to the atmosphere:
– dissolved inorganic carbon (DIC) unchanged
– TA decreases following addition of acid and increases following addition of 

a base

• System open to the atmosphere:
– TA decreases following addition of acid and increases following addition of 

a base
– DIC is modified through air-water CO2 exchange

• Example: Addition of 14.08 ml of 0.01 N HCl to 1 kg seawater 
(pCO2=384 µatm and TA=2325 µmol kg−1) in a closed system:

2126 J.-P. Gattuso and H. Lavigne: Ocean acidification perturbation experiments
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Fig. 2. Effect of mixing with various weight fractions of high-pCO2 seawater on the carbonate chemistry of seawater in a closed system as
computed with the seacarb function pmix. The letters “b” and “a” indicate, respectively, the value of a parameter before and after perturbation
for the example described in the text.

Example: a volume of 14.08ml of 0.01N HCl is added
to 1 kg of seawater having a known pCO2 (384 µatm) and
TA (2325 µmol kg−1). The atmospheric pCO2 is 384 µatm,
salinity is 34.9 and temperature is 18.9◦C. Calculations are
made for surface waters. The commands needed in a closed
and open system are:

ppH(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
vol=−14.08e-3, N=0.01, S=34.9, T=18.9)

ppH(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
vol=−14.08e-3, N=0.01, S=34.9, T=18.9)

Results are shown in Fig. 4 and Table 2. The target pCO2
of 793 µatm is reached in a closed system but the pH is lower
than the value expected in 2100 (7.768 instead of 7.793, cor-
responding to an increase of 2.9% in [H+] that resulting from
the decrease in total alkalinity generated by the addition of
acid). This is an undesirable effect of the direct manipulation
of pH as TA will not change significantly during the course

of this century (Table 1). As a result, DIC, HCO−
3 , CO

2−
3 ,

�a and �c are lower than their target values. However, it
is possible to restore TA to its initial level by adding CO2−3
and/or HCO−

3 , an approach that is described in Sect. 3.5. Ob-
viously, due to gas exchange at the air-water interface, pCO2
and other parameters of the carbonate chemistry cannot be
successfully adjusted by a one-time addition of acid in an
open system.
Addition of acid has often been used in studies of the im-

pact of ocean acidification on organisms. The first purpose-
ful experiment is that of Agegian (1985) who looked at the
response of coralline algae.

3.5 Addition of strong acid as well as CO2−3 and/or
HCO−

3

As mentioned in Sect. 3.4, the addition of acid does not al-
low to fully mimic the changes in carbonate chemistry ex-
pected during the present century but the addition of CO2−3
and/or HCO−

3 followed by addition of acid circumvents this

Biogeosciences, 6, 2121–2133, 2009 www.biogeosciences.net/6/2121/2009/



Changing AT at constant DIC



Addition of strong acid or base
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Addition of strong acid or base
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Addition of acid
2124 J.-P. Gattuso and H. Lavigne: Ocean acidification perturbation experiments

Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Addition of acid

• Not recommended

• Often used (Bouxin, 1926)

• Can be used with a pH-stat in 
flow-through systems



Changing AT and DIC



Addition of HCO3- and/or CO32-

• System closed to the atmosphere:
– TA increases by 2 x Δ[CO32-] and 1 x Δ[HCO3-]
– DIC increases by 1 x Δ[CO32-] and 1 x Δ[HCO3-]

• System open to the atmosphere:
– re-equilibration with atmosphere impacts DIC but 

not TA

• Example:
HCO3- (1081 x 10−6 mol kg−1  is added to seawater 
(pCO2=384 µatm and AT=2325 × 10−6 mol kg−1) in a 
closed system

2124 J.-P. Gattuso and H. Lavigne: Ocean acidification perturbation experiments

Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Addition of carbonate and/or bicarbonate

0 200 600 1000
CO3

2− added (µmol kg−1)

0

200

400

600

800

1000

1200

H
C

O
3−  a

dd
ed

 (µ
m

ol
 k

g−
1 )

+b

+a
A pCO2 pH

 10
0 

 15
0 

 20
0 

 2
50

 

 3
00

 
 3

50
 

 4
00

 
 4

50
 

 5
00

 
 5

50
 

 7
00

 
 8

 
 8

.2
 

 8
.4

 

 8
.6

 

0 200 600 1000
CO3

2− added (µmol kg−1)

0

200

400

600

800

1000

1200

H
C

O
3−  a

dd
ed

 (µ
m

ol
 k

g−
1 )

+b

+a
B TA HCO3

−

 2600 
 2900 

 3200 
 3500 

 3800 
 4100 

 4400 
 4700 

 5000 
 5300 

 2000 

 2300 

 2600 

 2900 

0 200 600 1000
CO3

2− added (µmol kg−1)

0

200

400

600

800

1000

1200

H
C

O
3−  a

dd
ed

 (µ
m

ol
 k

g−
1 )

+b

+a
C Ωa Ωc

 4 

 6 

 8 

 10 

 12 

 14 

 16 

 6 
 8 

 10 
 12  14 

 16 
 18 

 20 

0 200 600 1000
CO3

2− added (µmol kg−1)

0

200

400

600

800

1000

1200

H
C

O
3−  a

dd
ed

 (µ
m

ol
 k

g−
1 )

+b

+a
D TA HCO3

−

 2600 
 2900 

 3200 
 3500 

 3800 

 4100 
 4400 

 4700 

 5000 
 5300 

 2000 
 2300 

 2600  2900 
 3200 

 3500 

0 200 600 1000
CO3

2− added (µmol kg−1)

0

200

400

600

800

1000

1200

H
C

O
3−  a

dd
ed

 (µ
m

ol
 k

g−
1 )

+b

+a
E Ωa Ωc

 4  6 

 8 

 10 

 12 

 6 

 8 

 10 

 12 

 14 
 16 

 18 



Addition of HCO3- and/or CO32-

2124 J.-P. Gattuso and H. Lavigne: Ocean acidification perturbation experiments

Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Addition of HCO3- and/or CO32-

• Not recommended

• Often used to investigate the physiological response to changes in 
the carbonate chemistry (Swift & Taylor, 1966; Marubini & Thake, 
1999)

• Langdon et al. (2000) used it, together with additions of Ca2+, to 
increase the CaCO3 saturation state.



Manipulation of [Ca2+]

• Manipulating [Ca2+] is not technically altering the 
carbonate chemistry per se

• Has been used in the context of ocean acidification 
because some calcifying organisms, such as corals, 
respond to the calcium carbonate saturation state of 
seawater (Ω):

• Example:
artificial seawater is made with a known TA (2303 × 
10−6 mol kg−1) and DIC (2054 × 10−6 mol kg−1); 
[Ca2+] is set to 5.98 × 10−3 mol kg−1

• seacarb function:

are higher than the target values and are even higher than the values of the initial seawater. Those

differences are magnified in open systems.220

Manipulation of total alkalinity has often been used to investigated the physiological response

to changes in the carbonate chemistry (e.g. Swift and Taylor, 1966). Marubini and Thake (1999)

used bicarbonate additions to test the hypothesis that the supply of DIC in seawater limits coral

calcication. Langdon et al. (2000) used this approach in the Biosphere 2 coral reef mesocosm. He

used additions NaHCO3 and Na2CO3 were added to increase the CaCO3 saturation state. Since225

the experiment lasted several months, additions of CaCl2+ were used to restore a normal Ca2+

concentration. The manipulations of the CaCl2+ concentration is described in section 3.5.

3.5 Manipulation of the Ca2+ concentration

Although manipulating the calcium concentration is not technically altering the carbonate chemistry

per se, this approach has been used in the context of ocean acidification. The reason is that some230

calcifying organisms, such as corals, respond to the calcium carbonate saturation state of seawater

(Ω) which is expressed as:

Ω = [Ca
2+

]sw×[CO
2−
3 ]sw

K∗
sp

where [Ca2+]sw and [CO2−
3

]sw are the concentrations of calcium and carbonate in seawater, re-

spectively, and K∗
sp is the solubility product at the in situ conditions of temperature, salinity and235

pressure (Zeebe and Wolf-Gladrow, 2001). It can readily be appreciated that the changes in Ω result-

ing from decrease in [CO2−
3

] driven by ocean acidification can be mimicked by altering [Ca2+]sw.

This approach involves the use of artificial seawater (Gattuso et al., 1998).

The seacarb function pCa estimates the changes in Ωc and Ωa resulting from the manipulation

of the Ca2+
sw concentration. This function can only be used if the artificial seawater is made with the240

recipe described by Gattuso et al. (1998) and based on DOE (1994). Its syntax is:

pCa(flag, sys, var1, var2, Ca, S, T, P, Sit, P t)

flag, sys, var1, var2, S, T , P , Sit and Pt where defined in the previous sections. Ca is the

calcium concentration in mol kg−1.

Example: Artificial seawater is made with a known TA (2303 µmol kg−1) and DIC (2054 µmol kg−1).245

The calcium concentration is set to 5.98 ×10−6 mol kg−1. The command needed is:

pCa(flag=15, var1=2303e-6, var2=2054e-6, Ca=5.98e-3, S=34.6, T=18.1)

Results are shown in Fig. 3 and Table 2. The saturation states of aragonite and calcite expected

in 2100 are well reproduced without affecting any of the other parameters of the carbonate system

which remain at their 2008 values.250

This approach has been used to investigate the response of corals (Gattuso et al., 1998) and coc-

colithophores (Trimborn et al., 2007) to changes in the saturation state of calcium carbonate. It is
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]sw are the concentrations of calcium and carbonate in seawater, re-

spectively, and K∗
sp is the solubility product at the in situ conditions of temperature, salinity and235

pressure (Zeebe and Wolf-Gladrow, 2001). It can readily be appreciated that the changes in Ω result-

ing from decrease in [CO2−
3

] driven by ocean acidification can be mimicked by altering [Ca2+]sw.

This approach involves the use of artificial seawater (Gattuso et al., 1998).

The seacarb function pCa estimates the changes in Ωc and Ωa resulting from the manipulation

of the Ca2+
sw concentration. This function can only be used if the artificial seawater is made with the240

recipe described by Gattuso et al. (1998) and based on DOE (1994). Its syntax is:

pCa(flag, sys, var1, var2, Ca, S, T, P, Sit, P t)

flag, sys, var1, var2, S, T , P , Sit and Pt where defined in the previous sections. Ca is the

calcium concentration in mol kg−1.

Example: Artificial seawater is made with a known TA (2303 µmol kg−1) and DIC (2054 µmol kg−1).245

The calcium concentration is set to 5.98 ×10−6 mol kg−1. The command needed is:

pCa(flag=15, var1=2303e-6, var2=2054e-6, Ca=5.98e-3, S=34.6, T=18.1)

Results are shown in Fig. 3 and Table 2. The saturation states of aragonite and calcite expected

in 2100 are well reproduced without affecting any of the other parameters of the carbonate system

which remain at their 2008 values.250

This approach has been used to investigate the response of corals (Gattuso et al., 1998) and coc-

colithophores (Trimborn et al., 2007) to changes in the saturation state of calcium carbonate. It is

8



Manipulation of the calcium concentration

0 5 10 15 20
Concentration of Ca2+ (x 10−3 mol kg−1)

0

2

4

6

8

10
C

aC
O

3 s
at

ur
at

io
n 

st
at

e

+
+

b
b+

+
a
a

Ωa Ωc



Manipulation of [Ca2+]
2124 J.-P. Gattuso and H. Lavigne: Ocean acidification perturbation experiments

Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the

Biogeosciences, 6, 2121–2133, 2009 www.biogeosciences.net/6/2121/2009/
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Manipulation of [Ca2+]

• Not recommended for OA perturbation experiments

• Sometimes used to investigate the physiological 
response of corals (Gattuso et al., 2000) and 
coccolithophores (Trimborn, 2007) to lower rates of 
calcification.

• Also used to replenish Ca2+ during long-term 
experiments with calcifiers (Langdon et al., 2000).
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the

Biogeosciences, 6, 2121–2133, 2009 www.biogeosciences.net/6/2121/2009/
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Table 2. Seawater carbonate chemistry in 2007, 2100, and after perturbation. The total alkalinity (TA), partial pressure of CO2 in seawater
(pCO2 sw), salinity and temperature were used to derive all other parameters using the seacarb package (Lavigne et al., 2008) except for
manipulations of the calcium concentration for which DIC was used rather than pCO2 sw . For simplicity, it is assumed that temperature,
salinity and total alkalinity in 2100 are identical to their 2007 values, respectively 18.9◦C, 34.9 and 2325×10−6 mol kg−1, and the concen-
trations of total phosphate and silicate were set to 0. The seawater pCO2 was set to 384 µatm in 2007 (Keeling et al., 2008) and 793 µatm
in 2100 (according to the A2 SRES emission scenario; Plattner et al., 2001). The main body of the text provides further information.
(a):×10−9 mol kg−1, (b):×10−6 mol kg−1.

pCO2 sw pHT [H+] TA DIC [CO2] [HCO−
3 ] [CO2−3 ] �c �a

(µatm) (–) (a) (b) (b) (b) (b) (b) (–) (–)

Year 2007 384 8.065 8.6 2325 2065 12.8 1865 187 4.5 2.9
Year 2100 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Gas bubbling 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Addition of high-CO2 seawater 792 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7

Addition of CO2−3 and HCO−
3 ; closed sys. 793 7.942 11.4 3406 3146 26.4 2901 218 5.2 3.4

Addition of CO2−3 and HCO−
3 ; open sys. 384 8.207 6.2 3406 2950 12.8 2580 357 8.5 5.5

Acid addition; closed sys. 793 7.768 17.1 2184 2065 26.4 1940 98 2.3 1.5
Acid addition; open sys. 384 8.042 9.1 2184 194 12.8 1767 167 4 2.6
Addition of:
CO2−3 and HCO−

3 ; closed sys. 400 8.073 8.4 2467 2191 13.3 1977 201 4.8 3.1
followed by acid addition; closed sys. 793 7.793 16.1 2325 2191 26.4 2055 110 2.6 1.7
Manipulation of [Ca2+] 384 8.065 8.6 2325 2065 12.8 1866 187 2.6 1.7

and calculations are made for surface waters. The command
needed is:

pmix(flag=24, var1=384, var2=2325e-6, pCO2s=1e6,
wf=3.76e-3, S=34.9, T=18.9)

This produces seawater with a final pCO2 of 792 µatm (the
1 µatm difference with the target value is due to rounding
errors) and all parameters of the carbonate chemistry in 2100
are perfectly reproduced. To the best of our knowledge, this
approach has only been used twice: in mesocosms by Schulz
et al. (unpublished data) and in the laboratory by C. McGraw
(personal communication, 2009). It is therefore not possible
to evaluate its pros and cons at this stage.

3.3 Addition of CO2−3 and/or HCO−
3

Dissolved inorganic carbon and total alkalinity can be in-
creased by adding CO2−3 in the form of Na2CO3 and/or
by adding HCO−

3 in the form of NaHCO3. In closed sys-
tems, the change in DIC generated by these additions is pro-
portional to the changes in concentration: 1×�CO2−3 and
1×�HCO−

3 . The contribution of these anions to TA is pro-
portional to the product of their charge and concentration.
Thus: TA increases by 2×�CO2−3 and 1×�HCO−

3 . The
changes in the carbonate chemistry generated by manipula-
tions of total alkalinity therefore depend on the proportion of
CO2−3 and HCO−

3 added (Fig. 3). This approach can be used

to keep the pH constant or combined with addition of acid to
keep TA constant (see Sect. 3.5).
In an open system, the carbonate system re-equilibrates

through air-sea CO2 gas exchange after adding chemicals.
At equilibrium:

CO2−3 + H+ → HCO−
3 (R1)

HCO−
3 + H+ → CO2 + H2O (R2)

The seacarb function pTA computes the changes in the
carbonate chemistry due to addition of CO2−3 and/or HCO−

3 .
Example: HCO−

3 (1081×10−6 mol kg−1) is added to sea-
water for which pCO2 (384 µatm) and TA (2325 µmol kg−1)
are known. No CO2−3 is added. The atmospheric pCO2
is 384 µatm, salinity is 34.9, temperature is 18.9◦C and
calculations are made for surface waters. The respective
commands in a closed and open system are:

pTA(flag=24, sys=0, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

pTA(flag=24, sys=1, var1=384, var2=2325e-6, pCO2a=384,
co3=0e-6, hco3=1081e-6, S=34.9, T=18.9)

Results are shown in Fig. 3 and Table 2. In a closed sys-
tem, the target pCO2 of 793 µatm is reached but all other
parameters of the carbonate system are very different from
their values expected in 2100. pH is higher than it should
be (7.942 instead of 7.793) and TA, DIC, [CO2−3 ], and the
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Fig. 1. Atmospheric CO2 evolution of the last couple of hundred
years together with future projections. The solid line comprises his-
torical data from Siegenthaler et al. (2005), Enting et al. (1994) and
Tans (2007), while the dashed line represents atmospheric CO2 con-
centrations predicted for the IS92a emission scenario according to
Schimel et al. (1994).

of change and absolute values depend on temperature and
salinity, the sign of change, however, is always the same.

3.2 Changing TA at constant DIC

While the ongoing increase in oceanic CO2 changes DIC
but not TA, similar carbonate chemistry speciation changes
could be observed at constant DIC and changing TA. By ma-
nipulating TA, it is possible to have always one of the four
core parameters of the carbonate system, i.e. 1) [CO2] and
fCO2, 2) [HCO−

3 ], 3) [CO2−3 ], �calc and �arg, or 4) [H+]
and pH, changing equally in comparison to manipulating
DIC at constant TA. An exception are [HCO−

3 ] changes
which cannot increase as much at variable TA because DIC
becomes limiting in this respect (compare Table 1). While
there is no compelling reason to favour one over the other
remaining three TA manipulation approaches (they are simi-
lar in terms of carbonate speciation fractional differences be-
tween DIC and TA manipulation, ranging from 0.93 to 1.07),
in the following we will adopt the case of equal CO2. This, at
least, facilitates comparison between DIC and TA manipula-
tions as future ocean carbonate chemistry changes are usually
described by different CO2 scenarios.
Rising TA in the parcel of seawater, described in the previ-

ous section, from 2350 by about 83 µmol kg−1 at present day
DIC of about 2107 µmol kg−1 would reduce seawater CO2
from 390 to 280 µatm, its pre-industrial value. Similarly, de-
creasing TA by about 114 µmol kg−1 would increase oceanic
CO2 from 390 to 700 µatm (Table 1 and Fig. 2). Although
conceptually different, the concomitant changes in carbonate
chemistry speciation closely follow those occurring at con-
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Fig. 2. Redistributions in the seawater carbonate system in re-
sponse to DIC changes at constant TA (red) and TA changes at con-
stant DIC (blue). Shown are changes in surface seawater DIC (a),
TA (b), [CO2] (c), pH on the total and free scale (d), [HCO−

3 ] (e),
[CO2−3 ] (f), and calcite and aragonite saturation states (g and h,
respectively). The black vertical lines denote atmospheric CO2 val-
ues representative for pre-industrial (∼280 µatm) and present day
(∼390 µatm), and projected values for the year 2100 (∼700 µatm).
The seawater carbonate system was calculated at a salinity of 35
and a temperature of 15◦C using the stoichiometric stability con-
stants for carbonic acid determined by Roy et al. (1993). For details
see text and Table 1.

stant TA and variable DIC (compare Fig. 2). The drop in
pH, [CO2−3 ], and calcite and aragonite saturation states, and
the increase in [HCO−

3 ] in response to increasing [CO2] are
very similar. At 700 µatm the fractional difference between
both manipulation approaches is 0.91 for [CO2−3 ] and hence
CaCO3 saturation states, 1.05 for pH and [H+], and 0.96 for
[HCO−

3 ]. These differences become more pronounced to-
wards higher CO2 levels (compare Table 1).

3.3 Temperature, salinity and CO2 range
considerations

While in the variable DIC at constant TA scenario [HCO−
3 ] is

progressively increasing in the 280 to 700 µatm CO2 range,
the variations in [HCO−

3 ] in response to changes in TA at
constant DIC depend on temperature and salinity. This is
because DIC remains constant and cannot compensate for
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Conclusion

Approach Target values 
reached? Ease of use Relative cost

Acid addition

Acid addition and 
restoration of TA

Gas bubbling

Mixing with high-
CO2 seawater
Addition of HCO3- 
and/or CO32-

Calcium 
manipulation

No (only 
pCO2) *** *

Yes * *

Yes *** ***

Yes ** *

No ** *

No (only Ω) * *
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Naturally acidified site: Ischia island (Italy)

Hall-Spencer et al. (2008); Martin et al. (2008)observations of such areas are relevant to the localized effects caused
by deliberate CO2 sequestration and to the widespread effects pre-
dicted for areas that at present have low Varag, given that high-lat-
itude pteropods and coral reefsmay be unable tomake their skeletons
by the year 2100 (refs 7, 13).

Mesocosm experiments have led to predictions that Corallinaceae,
which help to protect against coral reef erosion in the tropics, are
vulnerable to ocean acidification due to the solubility of their high
magnesium calcite skeletons15,16. We found that Corallinaceae cover
was significantly reduced at lowered pH (Table 1 and Supplementary
Tables 2–4). As coralline algal cover fell from.60% outside the vent
area to zero within it, non-calcareous algal cover increased signifi-
cantly from near zero to .60% (Fig. 2 and Table 1). A suite of algal
genera proved to be resilient to naturally high amounts of pCO2

(for
example, Caulerpa, Cladophora, Asparagopsis, Dictyota and
Sargassum), some of which include invasive alien species that have
begun to alter shallow marine ecosystems worldwide17. This adds to

previously scant experimental information about the sorts of marine
phototrophs that have enhanced growth and undiminished rates of
photosynthesis at elevated concentrations of CO2 (refs 4, 5, 18, 19).

The analysed Posidonia oceanica shoots were .10 yr old at the
subtidal study sites and will have integrated the effects of lowered
pH over this time. Sea-grass leaves at P1 (pH 8.2) had 75% cover of
calcified epiphytes but only 2% cover at P4 (mean pH7.6) with a
significant reduction in epiphytic calcium carbonate per leaf (Table 1
and Figs 3 and 4).When heavily epiphytised leaves were transplanted
from station P1 to P4 they showed complete dissolution of
Corallinaceae in 2 weeks, whereas transplants moved within P1 were
unaffected. Mesocosm experiments have shown that sea-grass pro-
duction can be enhanced at high pCO2

(ref. 19). We found no differ-
ence (Table 1) in the photosynthetic performances of individual
P. oceanica leaves between the four stations (mean6 s.e.m., pho-
tosynthetic efficiency (Fv/Fm) 0.746 0.01 and electron transport
rates (ETR)max 8.46 1.9, n5 40) but sea-grass production was high-
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Figure 1 | Map of CO2 vent sites north and south of Castello d’Aragonese,
off Ischia Island, Italy. Mean surface pH is shown at 35-m-wide rocky-shore
stations N1–N3 and S1–S3. Mean subtidal pH is shown at stations P1–P4,

together with the distributions of CO2 vents and P. oceanica sea-grass
meadows. Reference station P1 was at a 3-m depth, 400m from the arrow
shown.

Table 1 | Analysis of ecological tipping-points along marine acidity gradients

Category, site F (d.f.) P value Tukey’s test, site comparison

Corallinaceae cover, north F2,215 43.8 0.000 N1.N2.N3

Corallinaceae cover, south F2,215 48.0 0.000 S1. S25 S3
Non-calcareous crustose algal cover, north F2,215 0.31 0.74 NS
Non-calcareous crustose algal cover, south F2,215 62.5 0.000 S15 S2, S3
Sea-grass epiphyte weight, south F3,3155 176.2 0.000 P1. P2. P3. P4
Sea-grass Fv/Fm, south F3,365 0.13 0.93 NS
Sea-grass ETRmax, south F3,365 0.06 0.98 NS
Sea-grass shoot density, south F3,165 67.6 0.000 P15 P25 P3, P4
Sea urchin abundance, north F2,95 14.7 0.001 N1.N25N3

Sea urchin abundance, south F2,95 65.3 0.000 S1. S25 S3
C. stellatus abundance, north F2,215 0.72 0.50 NS
C. stellatus abundance, south F2,215 29.4 0.000 S15 S2. S3
O. turbinata abundance, north F2,215 3.50 0.049 N15N2.N3

O. turbinata abundance, south F2,215 6.39 0.007 S15 S3, S2
P. caerulea abundance, north F2,215 22.8 0.000 N1.N2.N3

P. caerulea abundance, south F2,215 9.24 0.001 S15 S2. S3

Significant differences were assessed using one-way analysis of variance (ANOVA, F) and Tukey’s HSD (honestly significant difference) post-hoc tests. Data are from stations north and south of
Castello d’Aragonese, Ischia, Italy in spring 2007. d.f., degrees of freedom, NS, not significant.
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Pneophyllum fragile and Pneophyllum zonale) dominated
the epiphytic community at stations 1–4 (18–69%
cover), where the pH averaged 8.0–8.2, but were absent
at station 5 where the mean pH was 7.7 (table 1;
figure 2). Bryozoans (Callopora lineata, Electra posidoniae,
Microporella ciliata and Tubulipora spp.) covered 1–6%
of the blade surface, while non-calcified organisms
such as hydrozoans had less than 1 per cent cover.
Coralline cover and epiphytic CaCO3 were highly
correlated with pH and the other parameters of
the carbonate chemistry (Pearson’s correlation test,
p!0.0001), except TA ( pO0.05) that was homo-
geneous between stations, while bryozoans (rZ0.28,
pZ0.08) and hydrozoans (rZK0.29, pZ0.07) were
not. Correlations between pH and epiphytic cover
and CaCO3 were independent of seagrass meadow
parameters being highly significant ( p!0.001) at
stations 1–4 where the meadow was homogeneous. In
aquaria, epiphytic coralline algae were completely
dissolved after two weeks at a pH of 7.0, whereas
control samples showed no discernable change in
coralline cover. No significant correlations were
observed with the other measured environmental
parameters such as temperature ( pO0.05). Epiphytic
CaCO3 and surface cover did not show any significant
relationships with environmental parameters within a
station ( pO0.05). In particular, the pH was spatially
homogeneous within a station in spite of temporal
variability from day to day, with the lowest values on
calm days and increasingly from station 1 to 5 (see
the electronic supplementary material).

4. DISCUSSION
The present study shows a significant reduction
in epiphytic coralline algal cover with increasing
acidification of seawater due to natural CO2 vents.
Although a range of factors may be responsible for this
observed shift in seagrass epiphytism, lowered pH and
reduced calcite saturation levels are the most likely
factors affecting coralline algal cover. Coralline algae
were absent where the pH periodically fell below 7 and
their calcimass was greatly affected where the pH
ranged from 7.7 to 8.2. Our preliminary short-term
shock experiment conducted in an aquarium at pH 7
verified that elevated pCO2 levels could cause the
dissolution of calcareous epiphytes of the Mediterra-
nean seagrass P. oceanica. Previous studies have shown
that tropical crustose coralline algae are highly sensitive
to lowered pH in mesocosm experiments. Jokiel et al.
(2008) reported skeleton dissolution rather than growth
for the species Lithophyllum, Hydrolithon and Porolithon
sp. at a pH of approximately 7.9, relative to a normal
pH of 8.2, while Kuffner et al. (2008) reported a drop
in recruitment rate and per cent cover of 78 and 92
per cent, respectively, at a pH of 7.9. Accordingly, we
found more than a 50 per cent decrease in epiphytic
crustose coralline cover and CaCO3 mass at station 4,
where the mean pH was 8.0. This result for coralline
algae exposed to low pH for a long time confirms
predictions based on short-term experiments on
isolated organisms and mesocosms. Located in the
vicinity of the vent area, stations 2–5 may be expected
to reach lower pH than those reported. In addition, the
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Naturally acidified site: Ischia island (Italy)

Hall-Spencer et al. (2008); Martin et al. (2008)observations of such areas are relevant to the localized effects caused
by deliberate CO2 sequestration and to the widespread effects pre-
dicted for areas that at present have low Varag, given that high-lat-
itude pteropods and coral reefsmay be unable tomake their skeletons
by the year 2100 (refs 7, 13).

Mesocosm experiments have led to predictions that Corallinaceae,
which help to protect against coral reef erosion in the tropics, are
vulnerable to ocean acidification due to the solubility of their high
magnesium calcite skeletons15,16. We found that Corallinaceae cover
was significantly reduced at lowered pH (Table 1 and Supplementary
Tables 2–4). As coralline algal cover fell from.60% outside the vent
area to zero within it, non-calcareous algal cover increased signifi-
cantly from near zero to .60% (Fig. 2 and Table 1). A suite of algal
genera proved to be resilient to naturally high amounts of pCO2

(for
example, Caulerpa, Cladophora, Asparagopsis, Dictyota and
Sargassum), some of which include invasive alien species that have
begun to alter shallow marine ecosystems worldwide17. This adds to

previously scant experimental information about the sorts of marine
phototrophs that have enhanced growth and undiminished rates of
photosynthesis at elevated concentrations of CO2 (refs 4, 5, 18, 19).

The analysed Posidonia oceanica shoots were .10 yr old at the
subtidal study sites and will have integrated the effects of lowered
pH over this time. Sea-grass leaves at P1 (pH 8.2) had 75% cover of
calcified epiphytes but only 2% cover at P4 (mean pH7.6) with a
significant reduction in epiphytic calcium carbonate per leaf (Table 1
and Figs 3 and 4).When heavily epiphytised leaves were transplanted
from station P1 to P4 they showed complete dissolution of
Corallinaceae in 2 weeks, whereas transplants moved within P1 were
unaffected. Mesocosm experiments have shown that sea-grass pro-
duction can be enhanced at high pCO2

(ref. 19). We found no differ-
ence (Table 1) in the photosynthetic performances of individual
P. oceanica leaves between the four stations (mean6 s.e.m., pho-
tosynthetic efficiency (Fv/Fm) 0.746 0.01 and electron transport
rates (ETR)max 8.46 1.9, n5 40) but sea-grass production was high-
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Figure 1 | Map of CO2 vent sites north and south of Castello d’Aragonese,
off Ischia Island, Italy. Mean surface pH is shown at 35-m-wide rocky-shore
stations N1–N3 and S1–S3. Mean subtidal pH is shown at stations P1–P4,

together with the distributions of CO2 vents and P. oceanica sea-grass
meadows. Reference station P1 was at a 3-m depth, 400m from the arrow
shown.

Table 1 | Analysis of ecological tipping-points along marine acidity gradients

Category, site F (d.f.) P value Tukey’s test, site comparison

Corallinaceae cover, north F2,215 43.8 0.000 N1.N2.N3

Corallinaceae cover, south F2,215 48.0 0.000 S1. S25 S3
Non-calcareous crustose algal cover, north F2,215 0.31 0.74 NS
Non-calcareous crustose algal cover, south F2,215 62.5 0.000 S15 S2, S3
Sea-grass epiphyte weight, south F3,3155 176.2 0.000 P1. P2. P3. P4
Sea-grass Fv/Fm, south F3,365 0.13 0.93 NS
Sea-grass ETRmax, south F3,365 0.06 0.98 NS
Sea-grass shoot density, south F3,165 67.6 0.000 P15 P25 P3, P4
Sea urchin abundance, north F2,95 14.7 0.001 N1.N25N3

Sea urchin abundance, south F2,95 65.3 0.000 S1. S25 S3
C. stellatus abundance, north F2,215 0.72 0.50 NS
C. stellatus abundance, south F2,215 29.4 0.000 S15 S2. S3
O. turbinata abundance, north F2,215 3.50 0.049 N15N2.N3

O. turbinata abundance, south F2,215 6.39 0.007 S15 S3, S2
P. caerulea abundance, north F2,215 22.8 0.000 N1.N2.N3

P. caerulea abundance, south F2,215 9.24 0.001 S15 S2. S3

Significant differences were assessed using one-way analysis of variance (ANOVA, F) and Tukey’s HSD (honestly significant difference) post-hoc tests. Data are from stations north and south of
Castello d’Aragonese, Ischia, Italy in spring 2007. d.f., degrees of freedom, NS, not significant.
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Pneophyllum fragile and Pneophyllum zonale) dominated
the epiphytic community at stations 1–4 (18–69%
cover), where the pH averaged 8.0–8.2, but were absent
at station 5 where the mean pH was 7.7 (table 1;
figure 2). Bryozoans (Callopora lineata, Electra posidoniae,
Microporella ciliata and Tubulipora spp.) covered 1–6%
of the blade surface, while non-calcified organisms
such as hydrozoans had less than 1 per cent cover.
Coralline cover and epiphytic CaCO3 were highly
correlated with pH and the other parameters of
the carbonate chemistry (Pearson’s correlation test,
p!0.0001), except TA ( pO0.05) that was homo-
geneous between stations, while bryozoans (rZ0.28,
pZ0.08) and hydrozoans (rZK0.29, pZ0.07) were
not. Correlations between pH and epiphytic cover
and CaCO3 were independent of seagrass meadow
parameters being highly significant ( p!0.001) at
stations 1–4 where the meadow was homogeneous. In
aquaria, epiphytic coralline algae were completely
dissolved after two weeks at a pH of 7.0, whereas
control samples showed no discernable change in
coralline cover. No significant correlations were
observed with the other measured environmental
parameters such as temperature ( pO0.05). Epiphytic
CaCO3 and surface cover did not show any significant
relationships with environmental parameters within a
station ( pO0.05). In particular, the pH was spatially
homogeneous within a station in spite of temporal
variability from day to day, with the lowest values on
calm days and increasingly from station 1 to 5 (see
the electronic supplementary material).

4. DISCUSSION
The present study shows a significant reduction
in epiphytic coralline algal cover with increasing
acidification of seawater due to natural CO2 vents.
Although a range of factors may be responsible for this
observed shift in seagrass epiphytism, lowered pH and
reduced calcite saturation levels are the most likely
factors affecting coralline algal cover. Coralline algae
were absent where the pH periodically fell below 7 and
their calcimass was greatly affected where the pH
ranged from 7.7 to 8.2. Our preliminary short-term
shock experiment conducted in an aquarium at pH 7
verified that elevated pCO2 levels could cause the
dissolution of calcareous epiphytes of the Mediterra-
nean seagrass P. oceanica. Previous studies have shown
that tropical crustose coralline algae are highly sensitive
to lowered pH in mesocosm experiments. Jokiel et al.
(2008) reported skeleton dissolution rather than growth
for the species Lithophyllum, Hydrolithon and Porolithon
sp. at a pH of approximately 7.9, relative to a normal
pH of 8.2, while Kuffner et al. (2008) reported a drop
in recruitment rate and per cent cover of 78 and 92
per cent, respectively, at a pH of 7.9. Accordingly, we
found more than a 50 per cent decrease in epiphytic
crustose coralline cover and CaCO3 mass at station 4,
where the mean pH was 8.0. This result for coralline
algae exposed to low pH for a long time confirms
predictions based on short-term experiments on
isolated organisms and mesocosms. Located in the
vicinity of the vent area, stations 2–5 may be expected
to reach lower pH than those reported. In addition, the
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by the year 2100 (refs 7, 13).

Mesocosm experiments have led to predictions that Corallinaceae,
which help to protect against coral reef erosion in the tropics, are
vulnerable to ocean acidification due to the solubility of their high
magnesium calcite skeletons15,16. We found that Corallinaceae cover
was significantly reduced at lowered pH (Table 1 and Supplementary
Tables 2–4). As coralline algal cover fell from.60% outside the vent
area to zero within it, non-calcareous algal cover increased signifi-
cantly from near zero to .60% (Fig. 2 and Table 1). A suite of algal
genera proved to be resilient to naturally high amounts of pCO2

(for
example, Caulerpa, Cladophora, Asparagopsis, Dictyota and
Sargassum), some of which include invasive alien species that have
begun to alter shallow marine ecosystems worldwide17. This adds to

previously scant experimental information about the sorts of marine
phototrophs that have enhanced growth and undiminished rates of
photosynthesis at elevated concentrations of CO2 (refs 4, 5, 18, 19).

The analysed Posidonia oceanica shoots were .10 yr old at the
subtidal study sites and will have integrated the effects of lowered
pH over this time. Sea-grass leaves at P1 (pH 8.2) had 75% cover of
calcified epiphytes but only 2% cover at P4 (mean pH7.6) with a
significant reduction in epiphytic calcium carbonate per leaf (Table 1
and Figs 3 and 4).When heavily epiphytised leaves were transplanted
from station P1 to P4 they showed complete dissolution of
Corallinaceae in 2 weeks, whereas transplants moved within P1 were
unaffected. Mesocosm experiments have shown that sea-grass pro-
duction can be enhanced at high pCO2

(ref. 19). We found no differ-
ence (Table 1) in the photosynthetic performances of individual
P. oceanica leaves between the four stations (mean6 s.e.m., pho-
tosynthetic efficiency (Fv/Fm) 0.746 0.01 and electron transport
rates (ETR)max 8.46 1.9, n5 40) but sea-grass production was high-
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together with the distributions of CO2 vents and P. oceanica sea-grass
meadows. Reference station P1 was at a 3-m depth, 400m from the arrow
shown.

Table 1 | Analysis of ecological tipping-points along marine acidity gradients

Category, site F (d.f.) P value Tukey’s test, site comparison

Corallinaceae cover, north F2,215 43.8 0.000 N1.N2.N3

Corallinaceae cover, south F2,215 48.0 0.000 S1. S25 S3
Non-calcareous crustose algal cover, north F2,215 0.31 0.74 NS
Non-calcareous crustose algal cover, south F2,215 62.5 0.000 S15 S2, S3
Sea-grass epiphyte weight, south F3,3155 176.2 0.000 P1. P2. P3. P4
Sea-grass Fv/Fm, south F3,365 0.13 0.93 NS
Sea-grass ETRmax, south F3,365 0.06 0.98 NS
Sea-grass shoot density, south F3,165 67.6 0.000 P15 P25 P3, P4
Sea urchin abundance, north F2,95 14.7 0.001 N1.N25N3

Sea urchin abundance, south F2,95 65.3 0.000 S1. S25 S3
C. stellatus abundance, north F2,215 0.72 0.50 NS
C. stellatus abundance, south F2,215 29.4 0.000 S15 S2. S3
O. turbinata abundance, north F2,215 3.50 0.049 N15N2.N3

O. turbinata abundance, south F2,215 6.39 0.007 S15 S3, S2
P. caerulea abundance, north F2,215 22.8 0.000 N1.N2.N3

P. caerulea abundance, south F2,215 9.24 0.001 S15 S2. S3

Significant differences were assessed using one-way analysis of variance (ANOVA, F) and Tukey’s HSD (honestly significant difference) post-hoc tests. Data are from stations north and south of
Castello d’Aragonese, Ischia, Italy in spring 2007. d.f., degrees of freedom, NS, not significant.
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Pneophyllum fragile and Pneophyllum zonale) dominated
the epiphytic community at stations 1–4 (18–69%
cover), where the pH averaged 8.0–8.2, but were absent
at station 5 where the mean pH was 7.7 (table 1;
figure 2). Bryozoans (Callopora lineata, Electra posidoniae,
Microporella ciliata and Tubulipora spp.) covered 1–6%
of the blade surface, while non-calcified organisms
such as hydrozoans had less than 1 per cent cover.
Coralline cover and epiphytic CaCO3 were highly
correlated with pH and the other parameters of
the carbonate chemistry (Pearson’s correlation test,
p!0.0001), except TA ( pO0.05) that was homo-
geneous between stations, while bryozoans (rZ0.28,
pZ0.08) and hydrozoans (rZK0.29, pZ0.07) were
not. Correlations between pH and epiphytic cover
and CaCO3 were independent of seagrass meadow
parameters being highly significant ( p!0.001) at
stations 1–4 where the meadow was homogeneous. In
aquaria, epiphytic coralline algae were completely
dissolved after two weeks at a pH of 7.0, whereas
control samples showed no discernable change in
coralline cover. No significant correlations were
observed with the other measured environmental
parameters such as temperature ( pO0.05). Epiphytic
CaCO3 and surface cover did not show any significant
relationships with environmental parameters within a
station ( pO0.05). In particular, the pH was spatially
homogeneous within a station in spite of temporal
variability from day to day, with the lowest values on
calm days and increasingly from station 1 to 5 (see
the electronic supplementary material).

4. DISCUSSION
The present study shows a significant reduction
in epiphytic coralline algal cover with increasing
acidification of seawater due to natural CO2 vents.
Although a range of factors may be responsible for this
observed shift in seagrass epiphytism, lowered pH and
reduced calcite saturation levels are the most likely
factors affecting coralline algal cover. Coralline algae
were absent where the pH periodically fell below 7 and
their calcimass was greatly affected where the pH
ranged from 7.7 to 8.2. Our preliminary short-term
shock experiment conducted in an aquarium at pH 7
verified that elevated pCO2 levels could cause the
dissolution of calcareous epiphytes of the Mediterra-
nean seagrass P. oceanica. Previous studies have shown
that tropical crustose coralline algae are highly sensitive
to lowered pH in mesocosm experiments. Jokiel et al.
(2008) reported skeleton dissolution rather than growth
for the species Lithophyllum, Hydrolithon and Porolithon
sp. at a pH of approximately 7.9, relative to a normal
pH of 8.2, while Kuffner et al. (2008) reported a drop
in recruitment rate and per cent cover of 78 and 92
per cent, respectively, at a pH of 7.9. Accordingly, we
found more than a 50 per cent decrease in epiphytic
crustose coralline cover and CaCO3 mass at station 4,
where the mean pH was 8.0. This result for coralline
algae exposed to low pH for a long time confirms
predictions based on short-term experiments on
isolated organisms and mesocosms. Located in the
vicinity of the vent area, stations 2–5 may be expected
to reach lower pH than those reported. In addition, the
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The initial chemistry is set.
What are the next complications?



Impact of CO2 invasion and evasion in open systems

Zeebe & Wolf-Gladrow (2001)

CO2 invasion and evasion:

No change in the charge balance:∆TA = 0

Photosynthesis and respiration:

106CO2+16NO−
3 + HPO2−
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CaCO3 precipitation and dissolution:
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Impact of precipitation and dissolution of CaCO3

Zeebe & Wolf-Gladrow (2001)
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Biological impacts
• Closed systems: incubations short enough to avoid a 

large drift of the chemistry

• Open systems: control mechanism efficient to maintain 
the chemistry stable (bubbling, pH-stat, or pCO2-stat

• AT and [Ca2+] cannot be controlled by gas bubbling

• Critical issues to consider to design the experiment:
– biomass to volume ratio 
– duration of the experiment in closed systems
– residence time (flow rate) in flow-through systems

• Ex. dilute phytoplankton batch cultures (Fiorini et al., in 
revision):
– 6 to 9 generations
– final cell number: 8000 to 40000 cells/ml 
– shifts in pH and DIC never higher than 0.07% and 1.7%
– Average change in pCO2 of 17%
– TA decreased by 34 μmol kg-1 
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Other recommendations

• Filtration: 
– significantly shifts the carbonate chemistry
– manipulations must be done after filtration. If that is not 

possible, the carbonate chemistry must be measured 
again after filtration

– gentle pressure filtration through a cartridge should be 
used to avoid cell rupture, which would increase AT

• Autoclaving:
– severely changes the carbonate chemistry: most of the 

DIC is lost and AT has been reported to change as well
– should also be performed prior to manipulating the 

carbonate chemistry
– it is recommended to sample for DIC and AT before and 

after autoclaving in order to ascertain the impact of the 
operating procedure on the carbonate chemistry
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• Gas bubbling:

– one must ascertain that equilibrium has been reached before starting an 
experiment

– required time to equilibrium depends on biomass to volume ratio, p(CO2), gas flow 
rate, bubble size, volume and shape of the flask and temperature. May require 
several days. 

– Since both bottled gas mixtures and CO2-free air from generators do not contain 
any water vapor, it is important to humidify the dry air before bubbling in order to 
minimize evaporation which would increase salinity and changes the carbonate 
chemistry.
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• Gas bubbling:

– one must ascertain that equilibrium has been reached before starting an 
experiment

– required time to equilibrium depends on biomass to volume ratio, p(CO2), gas flow 
rate, bubble size, volume and shape of the flask and temperature. May require 
several days. 

– Since both bottled gas mixtures and CO2-free air from generators do not contain 
any water vapor, it is important to humidify the dry air before bubbling in order to 
minimize evaporation which would increase salinity and changes the carbonate 
chemistry.

• Once the target level is reached, one must avoid air-water gas exchange (NO 
autoclaving, vacuum filtration or temperature changes)

• Unless the experimental set-up is open and bubbling is continuous, gas-tight 
bottles filled without headspace should be used. 

• The biology can severely shift the carbonate chemistry when working with a 
large biomass:volume ratio. Most pronounced in closed systems but must 
also be considered in open systems subject to continuous bubbling (biology 
can overwhelm the regulation system)

• Extra care with calcifying organisms (decreased TA and [Ca2+]).
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Contributions of DOM, inorganic 
nutrients and pH buffers to AT

• Phytoplankton release dissolved organic compounds containing basic 
functional groups that react with H+ during titration, and thereby contribute to 
AT. This contribution depends on the species and the age of the culture (Kim 
and Lee, 2009). At relatively high biomass:volume ratios, consider using a 
pair that does not include AT (pH-DIC or pCO2-DIC)

• pH buffers cause large deviations from the natural carbonate chemistry 
because they increase AT. Pairs such as pH-DIC or pCO2-DIC should be 
used.

• Depending on chemical form and concentration, inorganic nutrient addition 
(P and Si) can change AT and must be included in carbonate chemistry 
calculations. Furthermore, changes in inorganic nutrient concentrations and 
speciation during the experiment have an impact on AT (Brewer and 
Goldman, 1976; Wolf-Gladrow et al., 2007). One may need to measure 
phosphate, ammonium and silicate (see Guide for Best Practices...)



Isotopic labelling of 
dissolved inorganic carbon

• Labelling the DIC pool with 13C or 14C is a carbonate chemistry 
manipulation in itself

• Requires the same precautions during preparation and handling as 
described earlier and should be the last step in the preparation of an 
experiment

• Furthermore, depending on the amount of 13C- or 14C-sodium salts 
added, AT can change significantly

• Obviously, bubbling must not be used and no headspace allowed.
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