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ABSTRACT: A sim ple  ex p ress io n  e n a b le s  p red ic tio n  of th e  
e ffec t of ph o to sy n th e tic  a n d  calcify ing  system s on a ir-sea  C 0 2 
e x ch an g e  a t all sp a tia l sca les (from organ ism  to ecosystem ). 
In p u t d a ta  are: gross p rim ary  p ro d u c tio n  (Pg), re sp ira tio n  (R ), 
n e t  calcification (G) a n d  th e  ra tio  of C 0 2 re le a se d  to C a C 0 3 
p rec ip ita ted  (y); th e  o u tp u t is th e  am o u n t of d isso lved  in o r
g an ic  carbon  (Fco2) w h ich  n e e d s  to b e  e x ch a n g ed  w ith  th e  
a tm o sp h e re  to  b a la n ce  b io logically  m e d ia te d  c h an g e s  in  th e  
co n cen tra tio n  of d isso lved  in o rg an ic  carb o n  in  a n  o p en  sea  
w a te r  system : FCo 2 = _Pg + R  + y G . C oral ree f d a ta  w e re  u se d  
in  th e  m odel to illu stra te  th e  re la tiv e  in flu en ce  of o rg an ic  an d  
in o rg an ic  carb o n  m etab o lism  on  o cea n -a tm o sp h e re  C 0 2 
cycling. A coral ree f  co m prised  of calca reo u s a n d  non-cal- 
c a reo u s  organ ism s can  b e  sh o w n  to a c t as a s in k  for a tm os
p h e ric  C 0 2 w h en  excess (= net) p ro d u c tio n  is h ig h  a n d  C a C 0 3 
p rec ip ita tio n  is low. T h ese  ch arac te ris tics  a re  no t typical of 
actively  dev elo p in g  re e f  system s w h ich  typ ically  ex h ib it a 
n early  b a la n ce d  o rg an ic  carb o n  m etabo lism  (Pq/R  ~ 1) an d  re l
a tively  h igh  ra te s  of calcification, In  th e se  c ircu m stan ces , ree f 
com m unities can  b e  e x p ec te d  to cau se  C 0 2 evasion  to th e  
a tm o sp h ere . This p red ic tio n  is co n firm ed  by th e  only existing  
m e a su re m e n t of a ir-sea  C 0 2 flux in  a  coral ree f system .

KEY W ORDS: C om m unity  m etab o lism  ■ P rim ary  p ro d u c tio n  • 
R esp iration  ■ C alcification  • A ir-sea  C 0 2 flux • C oral reefs

Carbon dioxide up take by photosynthesis and  its 
release by respiration are m ajor processes by which 
m arine organisms and  ecosystem s can alter the con
centration of carbon dioxide in seaw ater. A nother set 
of reactions, precipitation and  dissolution of calcium 
carbonate, has draw n a  lot of attention recently. It is 
well established that calcification induces shifts in 
the seaw ater carbonate equilibrium  which generates
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dissolved C 0 2 and is therefore a source of C 0 2 to 
seaw ater (Cham berlain 1898, Wollast et al. 1980). 
The deposition of 1 mol of calcium  carbonate re lea
ses nearly  1 mol of C 0 2 in freshw ater (Frankignoulle 
et al. in press) but releases approxim ately 0.6 mol of 
C 0 2 in seaw ater (Ware e t al. 1992, Frankignoulle 
et al. 1994). It w as suggested  that changes in the 
m agnitude and  relative im portance of precipitation 
and  dissolution of C a C 0 3 have played a significant 
role in glacial-interglacial regulation of atm ospheric 
C 0 2 concentration (the so-called 'coral re e f  hypothe
sis; B erger 1982, Opdyke & W alker 1992, Broecker 
1993).

Fligh rates of calcium carbonate precipitation are 
often associated with high rates of photosynthesis, 
both at the organism  (e.g, zooxanthellate scleractinian 
corals, calcareous algae, coccolithophorids) and the 
ecosystem  (coral reefs) scales. Photosynthesis, resp ira
tion and calcification are tightly coupled in certain 
m arine systems. For example, C 0 2 released by calcifi
cation m ay be used  as a substrate for photosynthesis. 
Such coupling has ham pered  elucidation of the effects 
of m arine system s on air-sea C 0 2 fluxes (Sikes & Fabry 
1994, Sikes e t al. in press). As pointed out by Holligan 
et al. (1993): 'the interacting effects of photosynthesis, 
calcification and regenerative oxidation of organic 
m atter are difficult to unravel1. These m etabolic 
processes must, therefore, be investigated sim ultane
ously in order to assess the biological control exerted 
by m arine system s on air-sea C 0 2 exchange. The aim 
of this paper is to establish a  relationship betw een sur
face layer m etabolic processes of photosynthetic and 
calcifying organism s and ecosystems (photosynthesis, 
respiration, calcification) and  air-sea C 0 2 fluxes. We 
derived a sim ple model and  used  published data in
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order to provide some indication of the role of these 
system s on the inorganic carbon system  and  air-sea 
C 0 2 fluxes.

Background. Carbon dioxide is the m ajor form of 
inorganic carbon in the gas phase. The inorganic car
bon  system  is m uch m ore com plicated in solution and 
comprises 4 different species: dissolved carbon diox
ide, carbonic acid (H2C 0 3), bicarbonate (H C 03_) and 
carbonate (C 0 32~). Their concentrations depend  upon 
pH  according to the following equilibrium:

C 0 2 + H20  H 2C 0 3 b H H  HCCV 4-» 2H + + C 0 32-
( 1)

Dissolved inorganic carbon (DIC) or total carbon 
dioxide (T C 02 or X C 02) refers to the sum  of the 4 inor
ganic carbon species:

DIC = [C 0 2] + [H2C 0 3] + [HCCV] + [C 0 32-] (2)

It is im portant to point out that dissolved C 0 2 is the 
only species w hich can be exchanged w ith the atm os
phere.

Total alkalinity (TA) is another im portant param eter 
re la ted  to the C 0 2 system which can be defined as the 
excess of bases (proton acceptors) over acids (proton 
donors) (see Dickson 1981 for a m ore detailed defini
tion):

TA = [HCCV] + 2 [C 032'] + [B(OH)4-] + [OH'] -  [H+]
(3)

The model. Two sets of biological processes are 
tak en  into consideration: m etabolism  of organic and 
inorganic carbon. Their influence on the  seaw ater 
inorganic carbon system and, thereby, on air-sea C 0 2 
fluxes operates via changes in DIC and TA.

Production and degradation of 1 mol of organic m atter 
by photosynthesis (P) and  respiration (P, considered as 
positive throughout the paper) respectively decreases 
and increases dissolved inorganic carbon (DIC) by 1 mol:

C 0 2 + H20  CH20  + 0 2 (4)
ADIC = +1 (P) or -1  (P); ATA = 0

Photosynthesis and respiration occur sim ultaneously 
in any biological system. The net change in C 0 2 is 
defined as the 'net prim ary production ' (Pn) while the 
sum  of Pn and  P  is term ed 'gross prim ary production' 
(Pg). C arbon fixation during photosynthesis per se does 
not affect total alkalinity since its substrates do not 
contribute to TA. The concentration of free C 0 2 is sim 
ilar in seaw ater and air (10 vs 16 pM) bu t the diffusion 
coefficient is IO4 tim es lower in seaw ater than  in air, 
w hich m akes the supply of C 0 2 to the  photosynthetic 
appara tus m ore difficult in m arine th an  in terrestrial 
plants. Some m arine plants overcome this problem  by 
transporting  bicarbonate ions which rep resen t approx
im ately 90%  of DIC. The up take of H C 0 3" does not

result in any alkalinity change since it m ust be trans
formed into C 0 2 prior to its use by photosynthesis 
according to one of the following 2 reactions:

HCCV + H+ -» C 0 2 + H20  (5a)
ADIC = 0; ATA = 0

HCCV -» C 0 2 + O H ' (5b)
ADIC = 0¡ ATA = 0

Small changes in total alkalinity are associated with 
production and degradation  of organic carbon through 
assimilation and  excretion of nutrients. Ammonium 
uptake by organic production lowers TA and uptake of 
nitrate and phosphorus raises TA (Brewer & Goldman 
1976). The reverse changes take  place during oxida
tion of organic m atter. The nutrient contribution to TA 
changes is negligible in corals (Chisholm & Gattuso 
1991) and coral reefs (Kinsey 1978) and  is not taken 
into account in the  model p resen ted  here  (see also 
Sundquist 1993). This contribution can easily be taken 
into consideration using the Redfield ratio as described 
by Goyet & Brewer (1993) in system s w here nutrient 
assimilation and  excretion are not negligible. Produc
tion and assimilation of other com pounds contributing 
to TA, such as dim ethylsulphonium  propionate (DMSP), 
m ay also have to be taken  into account in some 
instances (Raven 1993).

Calcification decreases DIC by 1 mol and  total a lka
linity by 2 equivalents for each mole of calcium car
bonate precipitated; dissolution of C a C 0 3 has the 
opposite effect:

C a2+ + 2 HCCV C a C 0 3 + C 0 2 + H20  (6)

ADIC = +1 (dissolution) o r - 1  (calcification)
ATA = +2 (dissolution) o r -2  (calcification)

The calcification rate m easured  in calcifying systems 
is usually the ne t calcification ra te  (G) which rep re
sents the balance betw een gross calcification and  dis
solution.

The total change in DIC and TA w hen incubating a 
photosynthetic and  calcifying system  in a sealed vol
um e of seaw ater (tem perature being held  constant) 
can be calculated by combining changes in DIC and 
TA resulting from the m etabolism  of organic (ADIC0 
and ATA0) and  inorganic carbon (ADIC1 and ATA1):

ADIC = ADIC0 + ADIC1 (7a)
ATA = ATA0 + ATA1 (7b)

ADIC0 = -Pg + R = -P n, (8a)
ADIC1 = -G, (8b)
ATA0 = 0 (8c)
ATA1 = -2G , (8d)

ADIC = -Pg + R - G (9a)
ATA = -2  G (9b)
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Upon opening the  system to the atm osphere, a flux of 
C 0 2 will occur across the air-sea interface until the 
partia l pressure of C 0 2 on both sides of the interface is 
equal:

Fr = F °m ,+  F ico2 ( 10)co2 -  r co21

w here  F°Cq2 and  F ‘Co2 refer, respectively, to the C 0 2 
flux genera ted  by the  m etabolism  of organic and  inor
ganic carbon. Since the aim of the present p ap e r is to 
p red ict the ne t effect of m etabolic processes on air-sea 
C 0 2 flux, we only refer to the m agnitude of air-sea C 0 2 
flux and  not to the rate of gas transfer which depends 
on a num ber of factors, including w ater motion.

Since we assum ed that ATA0 = 0, F çq2 can be esti
m ated  from the relationship:

F°co2 = ADIC0 = -P g + R ( 11)

The 1:1 relationship betw een  C a C 0 3 and C 0 2 shown 
in Eq. (6) is nearly  true in freshw ater but is not so in 
seaw ater due to its buffering capacity (Ware e t al. 
1992, Frankignoulle et al. in press). Numerical analysis 
of the inorganic carbon system  has shown that 0.6 mol 
of C 0 2 are libera ted  (consumed) per mole of C a C 0 3 
precipitated (dissolved; W are et al, 1992). This ratio 
w as defined as T  and an analytical expression 
enabling its com putation has been developed 
(Frankignoulle et al. 1994). We then have:

F1 C02 = V  G 
C 0 2 releasedwhere:

( 12 )

(13)
C a C 0 3 precipitated

Frankignoulle e t al. (1994) have shown that T  = 0.6 
for seaw ater displaying the following characteristics: 
p C 0 2 = 356 patm , TA = 2.37 mEq kg-1, tem perature = 
25°C and salinity = 35 psu. The am ount of C 0 2 which 
needs to be exchanged at the air-sea interface in order 
to bring seaw ater back to its pre-m etabolic p C 0 2 can 
thus be com puted from:

F,C C 2 = -Pg + P + 0.6 G (14a)
or,

FCo2 = -F n + 0.6G (14b)

w ith P, R  and  G expressed  in m olar units per day.
Fco2 can be norm alized to the respiration rate (R) in 

order to enable  the  com parison of systems displaying a 
wide range of m etabolic activity:

Fc02/R  = 1 - P g / R ( l - \ | / G / P g (15)

Results and discussion. Eq. (14a) can be illustrated by 
a num erical exam ple similar to the one presen ted  by 
W are et al. (1992). Param eters of the seaw ater inorganic 
carbon system  w ere  calculated using the following 
combinations of variable: (p C 0 2, TA) and (DIC, TA}; all 
com putations w ere  carried out w ith the freew are pro 
gram  'C 0 2' (available from M. Frankignoulle).

Sikes et al. (in press) m ade distinctions betw een  sys
tem s open and  closed to the atm opshere, and  photo
synthetic systems. They dem onstrated that the ratio 
of C 0 2 released  to precipitated calcium carbonate is 
0.06 in a closed system and  suggested  th a t it varies 
'betw een  zero for the photosynthetic system  to about 
0.6 for the open system with complete C 0 2 efflux to the 
atm osphere'.

A closed-system m odel is one in which there  is no 
exchange of any chem ical species w ith the surround
ing environm ent, including the atm osphere. Such sys
tem s have been used repeated ly  in ecophysiological 
studies of m arine organisms, both in the laboratory and 
in situ, but do not apply to any species or ecosystems in 
their natural environm ent and  give no insight on 
processes occurring at the  air-sea interface. Open-sys- 
tem  models or experim ents take into account fluxes 
and  reactions at interfaces and  are the m ethod of 
choice to assess the effect of m etabolic activities on air- 
sea C 0 2 fluxes. Such a system  is used  in the following 
calculations.

Seaw ater w ith the characteristics shown in Table 1 is 
equilibrated w ith the atm osphere (p C 0 2 = 356 patm). 
A photosynthetic and calcifying biological system  is 
incubated in this m edium  at constant tem perature. 
Pg/R  and G/Pg are 1.5 and  0.33, respectively (Table 1). 
At the  com pletion of the incubation, w ith the volume 
still sealed from the atm osphere, TA and DIC have 
fallen to 2.320 mEq kg-1 (= initial TA -  2G) and  1.971 
(= initial DIC -  F„ + R -  G), respectively. p C 0 2 is down 
to 341 patm. Upon opening of the incubation chamber, 
seaw ater reequilibrates with the atm osphere by 
absorbing C 0 2 (until p C 0 2 is back to 356 patm) w ith
out altering TA. DIC increases to 1.982 mmol kg"1, the 
C 0 2 invasion is then -0.010 mmol kg"1 (we adopt the

T ab le  1. E ffect of p rim ary  p roduction , re sp ira tio n  a n d  calcifi
ca tio n  on th e  in o rg an ic  carbon  system . D erived  ch em ica l d a ta  
(in italics) w e re  o b ta in ed  from  th e  fixed p a ram e te rs  (in bold) 
w ith  th e  free w a re  p ro g ram  'C 0 2'. p H  is on th e  s e a w a te r  scale 
(sws) a n d  th e  C 0 2 co n stan t se t is from  G oyet & Poisson (1989)

Initial F ina l (sealed) F in a l (open)

C hem ical and physical param eters
TA (m m ol k g "1) 2.370 2.320 2.320
p C 0 2 (patm ) 356 341 356
T e m p era tu re  (°C) 25 25 25
Salin ity  (psu) 35 35 35
pH  (sws) 8.090 8.104 8.082
DIC (mmol k g "1) 2.021 1.971 1.982

M etab olic  param eters
Pg (m m ol DIC) 0.075
R (mmol DIC) 0.050
G  (m m ol C a C 0 3) 0.025
Pg/R 1.50
G/Pg 0.33
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Fig. 1. N u m erica l ex am p le  of th e  e ffec t of o rg an ic  and  in o r
gan ic  c a rb o n  m etab o lism  on se a w a te r  in o rg an ic  carb o n  after 
in cu b a tio n  in  a  closed vo lum e ('sea led ')  a n d  upo n  o p en in g  of 
th e  in cu b a tio n  ch am b er to th e  a tm o sp h e re  ( 'open '). Pg: gross 

p rim ary  p roduction ; R : re sp ira tio n , G : n e t  calcification

convention of assigning a negative sign to C 0 2 inva
sion and  a positive sign to C 0 2 evasion). This value 
equals PCo2 com puted according to Eq. (14a):

Fco2 = -0.075 + 0.050 + (0.6 x 0.025)
= -0.010 mmol kg~'

The resu lt of this com putation for Pg/R  = 1 . 5  and 
G/Pg = 0.33 is shown in Fig. 1 together with FCo2 calcu
lated for system s displaying the sam e Pg/R  ratio but 
different G/Pg ratios (0 and 1). If the system does not 
calcify (G/Pg = 0), C 0 2 is absorbed by seaw ater after 
opening the  incubation cham ber in order to exactly 
balance the decrease in DIC. C 0 2 invasion also occurs 
w hen ne t precipitation of C a C 0 3 is m oderate com 
pared  to gross prim ary production (G/Pg = 0.33) but 
C 0 2 genera ted  by calcification becom es higher than 
C 0 2 up take w hen G/Pg = 1 and C 0 2 evasion takes 
place.

P co2/R  is plotted as a function of the Pg/R  and  G/Pg 
ratios in Fig. 2. Fc o -/R  increases directly w ith G/Pg and 
inversely w ith Pg/R . The role of photosynthetic and 
calcifying systems on the  direction of air-sea C 0 2 
exchange depends on the relative m agnitude of pri
m ary production and calcification ra ther than on the 
absolute ra te  of each. For exam ple, organic carbon 
m etabolism  by corals and  coralline algae results in net 
removal of C 0 2 w hen their Pg/R  ratio is h igher than  1, 
bu t these calcareous organism s generate C 0 2 w hen 
G/Pg exceeds a threshold set by Pg/P: e.g. w hen 
Pg/R  = 1.5, the threshold is G/Pg = 0.56.

Coral reefs are m ajor photosynthetic and calcifying 
ecosystems and  can be used  as a case study. They 
exhibit a num ber of physiographic zones that signifi

G /Pg=0 
P g /R = 1 .5

G /P g=0.33  
Pg /R = 1 .5

G/Pg=1 
P g /R = 1 .5

ADIC (sealed) 

□  f c o 2 

F I  ADIC (open)

»

cantly differ in rates of prim ary production and  calcifi
cation (Done 1983). The m etabolic perform ances of 
reef flats are, by far, the best know n of the reef zones. 
This stem s from the  fact that community metabolism  of 
the o ther reefal areas (outer reef slope, algal pavem ent 
and  lagoons) is technically m uch more difficult to 
investigate. Kinsey (1983) observed that reef flats 
exhibit rather uniform m etabolic rates and suggested 
the following perform ances for a ‘standard ' reef flat:

Pg = R = 583 mmol C 0 2 m-2 d“1 
and  G = 110 mmol C a C 0 3 m-2 d_1

Fco2/£  com puted from these estim ates is +0.11 
(Fig, 2) suggesting that coral reef flats are sources of 
C 0 2 to the atm osphere. It is w orth noting that w hen 
community production and respiration are nearly bal
anced  (Pg/R ~ 1, e.g. most coral reef flats; Kinsey 
1985), biologically induced air-sea C 0 2 fluxes are 
dom inated by the increase in seaw ater p C 0 2 that 
results from calcification. Gattuso et al. (1993) investi
ga ted  the community m etabolism  of a barrier reef flat 
at M oorea (French Polynesia) and  the associated air- 
sea C 0 2 flux. They reported  the following rates (Pg 
and R  expressed in term s of 0 2 w ere converted to 
C 0 2 units by setting the photosynthetic and resp ira
tory quotients to 1):

Pg and R  = 640.2 and  642 mmol C 0 2 m~2 d"1,- 
and G = 243 mmol C a C 0 3 m-2 d”1

The only m easurem ent of air-sea C 0 2 flux driven by 
coral reef metabolism m ade so far show ed that the reef 
flat re leased  C 0 2 to the atm osphere (Gattuso et al.

0.50

0.25

2  0.00

1' -0.25

-0.50
0.0 0.5 1.0

C a lc if ic a tio n /G ro s s  p r im a ry  p ro d u c tio n

Fig. 2. M o d e l e stim a te  of a ir-sea  C 0 2 b u d g e t a s  a function  of 
Pg/R a n d  G /Pg. M odel o u tp u t is sh o w n  for th e  fo llow ing  Pg/R  
ratios: 0.8, 1.0 a n d  1.5. Pg, R a n d  G  in  m m ol m f2 d -1. 
(a) M o o rea  b a rrie r  reef fla t (G attuso  e t al. 1993); (o) av e ra g e  
co ra l-a lg a l re e f  flat (Kinsey 1983); (®) a v e ra g e  co ral reef 

ecosystem  (Smith 1983, C ro ss lan d  e t al. 1991)
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1993), in concordance with the output of the model 
p resen ted  here  (FCq2/R  = +0.23; Fig. 2).

T here are few estim ates of m etabolic perform ances 
of 'en tire ' reef systems, i.e. which integrate the  effect 
of the various physiographic zones of the reef. C ross
land e t al. (1991) proposed that Pg and R of such sys
tem s are, respectively, 250 and 242 mmol C 0 2 m-2 d-1, 
Smith (1983) suggested  that whole coral reefs produce 
an  average of about 30 mmol C a C 0 3 n r 2 d-1. Our 
m odel predicts that the average 'en tire ' reef ecosystem  
also causes an efflux of C 0 2 to the atm osphere 
(FCo2/R  = + 0 .04 ; Fig. 2).

The estim ated am ount of dissolved inorganic carbon 
(Fco2) which needs to be exchanged with the atm os
p here  is quite sensitive to the uncertainty associated 
w ith the Pg/R  ratio. Pg and  R are often calculated 
by num erically integrating photosynthesis-irradiance 
curves (e.g. Barnes & Devereux 1984). There is p re 
sently no statistical procedure enabling the com puta
tion of the standard  error of such m etabolic param e
ters. Kinsey (1983) claim ed that the Pg/R  ratio of an 
average reef flat that he reported  was know n to ± 0.1 
bu t this refers to a range rather than to a statistical 
param eter (D, W. Kinsey pers. comm. 1995). The error 
bars around FCq2/R  for coral reef flats and whole coral 
reef system s w ere calculated using this uncertainty. 
T he erro r bars do not include FCo2/R  = 0 for coral reef 
flats bu t Fqq2/R  derived for whole coral reef systems 
may not differ statistically from 0 (Fig. 2). This suggests 
th a t the  prediction that an average coral reef flat is a 
source of C 0 2 is robust but that the influence of whole 
reef system s on atm ospheric C 0 2 rem ains uncertain.

The proposed expression predicts the net effect of 
prim ary production and calcification on air-sea C 0 2 
exchange of isolated m arine organism s and stable 
open m arine systems (e.g. coral reefs). It is how ever 
sensitive to uncertainties associated w ith the Pg/R  
ratio. Future work should be carried out to derive a 
statistical procedure enabling estim ation of the stan 
dard  error of m etabolic param eters. W hen sufficient 
data  becom e available, the m odel will allow exam ina
tion of im portant dynamic systems, most notably coc- 
colithophorid blooms, which appear to exhibit signifi
can t changes in the ratio of inorganic to organic carbon 
production during the course of population grow th and 
decline (Holligan et al. 1993).
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re v ie w in g  an  ea rly  d ra ft of th e  m an u scrip t, T h is w o rk  w as

p a rtly  su p p o rte d  by: C e n tre  S c ien tifiq u e  d e  M onaco, Pro
g ram m e  N atio n a l Récifs C ora lliens (PNRCO) a n d  Fonds N a
tiona l d e  la  R echerche  S c ien tifiq u e  (Belgium ) w ith  w h ich  M.F. 
is a  C h e rch e u r Q ualifié. T h is is a  co n trib u tio n  of PNRCO.
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