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ABSTRACT: Air-sea CO, exchanges and the par t~al  pressure of CO, were measured in surface water 
overlying 2 coral reefs: Moorea (French Polynesia, austl-a1 lvlnter, August 1992). where coral di\ ,ers~ty 
and surface cover are low, and Yonge Reef (Great Barr~er Reef, a~istral  summer, December 1993), 
where coral diversity and cover are comparatively h ~ g h e r  A procedure is proposed to estimate the 
potential CO2 exchange with the atmosphere by t a k ~ n g  ~ n t o  account both the saturation level of oceanlc 
seawater and the equilibration process occurring after water leaves the reef. It is shown that both sites 
were net sources of CO2 to the atmosphere as a result of the effect of calcification on the dynamics of 
the inorganic carbon system. The potential global CO2 evasion from the ocean to the atmosphere is 
about 4 times higher at  Yonge Reef than at Moorea. It is also demonstrated that, at  both sites, the major 
exchange of CO2 from sea to air occurs as seacvater returns to chemical equilibrium after it has  crossed 
and left the reef. The dynamics of inorganic carbon were studied using the so-called homogeneous 
buffer factor [ P  = dln(pC02)/dln(D1C)] (where pCO, 1s the CO2 partial pressure In surface ivdter and 
DIC 1s d~ssolved Inorganic carbon), which gave estimates that approximately 80% of the change In 
inorganic carbon was related to photosynthesis and respiration. This approach showed that the calc~fi- 
cation rate was proportional to the net organic production during the day and to the respiration rate at 
night. 

KEY WORDS: Coral reefs lnorganlc carbon Alr-sea CO2 exchanges 

INTRODUCTION 

It is not yet certain how much and how quickly 
excess atmospheric CO2 is taken up by the oceans (see 
e .g .  Tans et al. 1990, Watson et al. 1991). While the 
open ocean is close to atmospheric CO2 equilibrium, 
the situation in coastal areas is far less certain because 
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"Present address: Universite d e  Liege, Mecanique des 

Fluides Geophysiques, Unite d'oceanographit- Chimique, 
Institut de  Physique (B5). B-4000 Sart Tilman. Belgium 

data are so far very sparse. Coastal areas are sites of 
Intense primary production and speciflc processes 
(upwelling, river input) which can induce strong varia- 
tions of dissolved inorganic carbon and associated high 
air-sea CO2 fluxes (Mackenzie et  al. 1991, Wollast 
1991). Air-sea CO2 exchange in coastal areas is thus a 
fundamental process which could play a significant 
role in the global carbon cycle. 

Coral reefs are important shallow-water, troplcal eco- 
systems due to their geographical extent (617 000 km2, 
i.e. 15% of the sea floor surface area between 0 and 
30 m; Smith 1978). In terms of carbon dynamics. 2 
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important biological processes occur in these ecosys- 
tems: metabolism of organic carbon (photosynthesis 
and respiration) and metabolism of inorganic carbon 
(precipltatlon and dissolution of calcium carbonate). 

In the context of the atmospheric carbon budget, 
marine calcification can have important consequences 
because this process is known to release dissolved CO2 
to the surrounding water and can then act as a net 
source of CO2 to the atmosphere., Ware et al. (1992) 
have demonstrated, using numerical calculations, that 
0.6 m01 CO, is released in surrounding water for each 
mole of calcium carbonate precipitated. More recently, 
Frankignoulle et al. (1994) have shown that the re- 
leased C02/precipitated CaC03 ratio reflects a posi- 
tive feedback to the increasing atmospheric CO,, and 
it increases from 0.6 (at present atmospheric CO2 level) 
to 0.84 when the CO2 partial pressure in surface water 
(pC02)  = 1000 patm. Since coral reefs are character- 
ized by a net organic production close to zero (Kinsey 
1983), calcification could play a major role in atmos- 
pheric exchange of CO2 in coral reefs. 

The evidence for CO2 release to the atmosphere in 
coral reefs has recently been demonstrated by Gattuso 
et al. (1993), who carried out the first field measure- 
ments of alr-sea CO2 exchanges on a coral reef flat 
(Moorea, French Polynesia, summer 1991). During 24 h 
experiments, they observed daily variations of the 
flux direction in agreement with the photosynthesis/ 
respiration cycle: CO2 uptake during the day and CO2 
release at night. They found that over 24 h the net CO2 
flux from sea to air was approximately 1.5 mm01 CO2 
m-2. More recently, Kayanne et al. (1995) monitored 
daily changes in dissolved CO2 over a sub-tropical reef 
(Shiraho reef, Ryukyu Islands. Japan) and concluded 
that reefs could behave as sinks for atmospheric CO2. 
Their conclusion that all reefs may behave as sinks for 
CO2 has been questioned (Buddemeier 1996, Gattuso 
et al. 1996) for several reasons, but mainly because 
their study site is not representative of the 'standard' 
reef system as described by Kinsey (1983) and does not 
allow such generalisation. 

This paper presents data related to daily changes of 
inorganic carbon and air-sea CO2 fluxes measured at a 
single back reef station (Eulerian approach). The ob- 
jectives of this work are (1) to complement observa- 
tions previously made at Moorea during austral winter, 
(2) to compare results obtained in a reef subject to rel- 
atively intense anthropogenic stresses (Moorea) with a 
pristine reef (Yonge Reef, Great Barrier Reef, Aus- 
tralia), (3) to discuss the respective influence of 
processes which drive air-sea C 0 2  fluxes over the reef 
flat (i.e. mainly initial seawater conditions, metabolic 
and physical effects), (4) to estimate the overall metab- 
olism effect on atmospheric CO2 budget and to com- 
pare it with air-sea flux data measured over the reef 

itself, and (5) to use inorganic carbon thermodynamical 
equations to estimate the ratio of organic to inorganic 
metabolisms from this Eulerian approach. 

MATERIAL AND METHODS 

Data presented here were obtained during 2 field 
trips, one at Moorea (Tiahura Barrier Reef, July- 
August 1992) and the other at Yonge Reef (December 
1993). Community structure and composition of both 
sites are well known. Information regarding the study 
sites is given in a companion paper (Gattuso et al. 1996 
in this issue). 

To assess the effect of reef metabolism on air-sea 
exchange of CO2, measurements of inorganic carbon 
and related parameters were carried out over three 
24 h periods at a back reef station at each site. Discrete 
seawater samples were taken at oceanic stations. The 
current patterns across the reefs were relatively sim- 
ple: water moved from the ocean across the reef and its 
velocity was modulated by tide. Back reef stations are 
therefore ideal sites at which to study the effect of reef 
metabolism on oceanic seawater. 

The sampling protocol involved measurements of 
air-sea CO2 exchange, determination of CO2 partial 
pressure in surface water (indirect method), as well as 
hydrological and meteorological parameters (sahi ty ,  
water temperature, tide, atmospheric pressure, solar 
radiation, wind speed and air temperature). 

pCOz was calculated from measurements of pH and 
total alkalinity (TA). At both sites, total alkalinity was 
sampled each hour and measured using the classical 
Gran electrotitration method (Gattuso et al. 1993). pH 
was measured using commercjal combination elec- 
trodes, but sampling intervals and procedures were 
different between Moorea and Yonge Reef. At 
Moorea, the electrode (Radiometer, GK2401C) was 
installed on an in situ data-logger and measurements 
were carried out each half hour at seawater tempera- 
ture (Gattuso et al. 1996). Calibration was made using 
National Bureau of Standards (NBS) standards and 
reproducibility was pH 0.007. 

At Yonge Reef, the pH electrode (Ross type, Orion) 
was installed aboard the research vessel in a cell con- 
tinuously thermoregdated with surface seawater A 
computerized interface was used to carry out 1 mea- 
surement every minute. Correction to in situ tempera- 
ture from the cell temperature (0.1 to 0.5"C) was made 
according to Perez & Fraga (1987). The Ross-type elec- 
trode was calibrated using Tris buffer, as proposed by 
Dickson (1993), on the total proton scale [pH(Seawater 
scale, SWS)]. The reproducibility of pH measurement 
was k0.2 mV, which corresponds to an error of pH 
0.004. 
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p C 0 2  and the CO2 speciation were calculated ac- 
cording to the pH(SWS) scale (total proton, m01 kg-') 
using the CO2 acidity constants of Goyet & Poisson 
(1989), the CO2 solubility coefficient of Weiss (1974) 
and the borate acidity constant of Hansson (1973). The 
total borate molality was calculated using the Culkin 
(1965) ratio to salinity. The error in pCO,, calc'ulated 
from errors in pH and TA, was about 2 % (6 patm whcn 
p C 0 2  = 350 patm). When pH was calibrated using NBS 
standards, CO2 dissociation constants of Mehrbach et 
al. (1973) were used and the error in pCO, was 
estimated to be about 3'1;) (8 to 10 patm when pCO, = 

350 patm). 
Dissolved oxygen was determined in each site at the 

same frequency as pH (i.e. every half hour at Moorea 
and every minute at Yonge Reef) using a galvanic elec- 
trode (Kent Eil) at  Moorea and a polarogl-aphic elec- 
trode (Orbisphere) at  Yonge Reef. Sensors were cali- 
brated against air-saturated seawater and a sodium 
dithionite solution as zero. Saturation oxygen levels 
were calculated according to the algorithm of Benson 
& Krause (1984). 

Solar radiation was measured continuously (every 
minute) using a LI-COR (LI-192SA) quantum sensor 
which integrates light from 400 to 700 nm and yields 
data expressed in pm01 photons m-' S-'. Tides at  
Moorea were calculated using the simplified harmonic 
method (SHM package) and harmonic coefficients of 
Matavai (Tahiti) from Admiralty Charts Tables. Wind 
speed was measured using a hand anemometer On 
the Great Barrier Reef, tide and meteorological para- 
meters (wind speed, air and water temperatures, 
atmospheric pressure) were monitored (10 min) using 
a WLR 5 and a weather station (Aanderaa Instruments) 
respectively. 

Air-sea CO2 exchanges were measured using the 
bell method described by Frankignoulle (1988). This 
method involves the deployment of a closed incubator 
on the sea surface and the detection of initial (10 min) 
CO2 variations in the gas phase with a LI-COR 6252 
infra-red gas analyser. The analyser was calibrated 
using pure nitrogen (zero) and a commercial standard 
for CO2 (350 * 3 patm). The infrared analyser was also 
used to measure the atmospheric partial pressure of 
CO2. As far as possible, measurements were carried 
out every half hour at  both sites. The exchange coeffi- 
cient was calculated using Henry's law: 

where F i s  the flux (in m01 m-2 S-'), K is the exchange 
coefficient (in m S-'), a is the CO2 solubility coefficient 
(in m01 m-3 atm-') and APC02 is the CO, gradient 
through the air-sea interface (water-air, in atm). 

The dynamics of inorganic carbon were studied in 
terms of the so-called homogeneous buffer factor p 

(see Sundquist & Plummer 1981), which is a conve- 
nient parameter for discussion of which process is 
responsible for inorganic carbon variations: 

The homogeneous bu.ffer factor P can be obtained from 
a data set by plotting ln(pC0,)  versus ln(D1C) When 
dissolved CO2 is the inorganic species involved in the 
carbon exchange (e.g. air-sea exchange), this buffer 
factor is the so-called Revelle factor and its value is 
about 12 for average seawater conditions. The factor 
can be significantly different from 12 if processes other 
than uptake or release of dissolved CO, occur. 
Frankignoulle (1994) recently proposed a relationship 
which all.ows calculation of P when organic and inor- 
ganic carbon metabolisms occur simultaneously (r2 = 

0.9994, p < 0.0000): 

where %Cor, is the percentage of change in inorganic 
carbon concentration due  to organic metabolism (pho- 
tosynthesis and respiration). This equation was 
obtained by taking into account both CO2 and H@' 
uptake a s  suggested by Redfield et al. (1963). The 
buffer factor displays a wide range of values depend- 
ing on the inorganic species involved in the CO2 
dynamics. It ranges from -7 (only carbonate change, 
%,Cor, = 0) to + 12 ('XC,,, = 100). 

RESULTS 

Moorea (austral winter) 

Fig 1 shows air-sea CO2 fluxes, pCO,, water temper- 
ature, irradia.nce, tide and oxygen saturation obtained 
over 3 die1 cycles at  Moorea during July and August 
1992. 

As already mentioned by Gattuso et al. (1993), air- 
sea CO2 fluxes displayed strong daily variations with 
CO2 invasion during the day and  CO2 evasion at  night. 
Measurements of daily variations in p C 0 2  showed that 
(1) p C 0 2  changed from about 240 patm during the day 
to 400 patm at night, in good agreement with meta- 
bolic processes (supe~imposition of diurnal photosyn- 
thetic CO2 uptake and the production of dissolved CO2 
by respiration and calcification) and (2) the shift of the 
direction of air-sea CO2 fluxes was in perfect agree- 
ment with that of the sign of the CO2 gradient through 
the interface which drives the fluxes (Eq. l). 

Dissolved 0, varied inversely with p C 0 2  and corre- 
sponded closely with related metabolic processes, dis- 
playing strong over-saturation during the day (up to 
160%) and under-saturation at night. Tidal range was  



M
oo

re
a 

w
in

te
r 

20
 &

 2
1 

Ju
ly

 1
99

2 
M

oo
re

a 
w

in
te

r 
29

 &
 3

0 
Ju

ly
 1

99
2 

M
oo

re
a 

w
in

te
r 

6 
&

 7
 A

ug
us

t 
19

92
 

F
ig

. 
1
 V

ar
ia

t~
o

n
s in

 a
ir

-s
ea

 C
O

, 
fl

ux
es

 (
po

si
ti

ve
 v

al
u

e 
fo

r 
ev

as
io

n)
, C

O
2

 pa
rt

ia
l 

pr
es

su
re

, 
di

ss
ol

ve
d 

o
x

y
g

en
 s

at
ur

at
io

n 
le

ve
l,

 t
id

e,
 w

at
er

 t
em

p
er

at
u

re
 a

n
d

 i
rr

ad
ia

nc
e 

d
u

ri
n

g
 

th
re

e 
24

 h
 c

yc
le

s 
ca

rr
ic

id
 o

ut
 a

t 
th

e 
ba

ck
 r

ee
f 

at
 M

o
o

re
a.

 p
C

O
L

 w
as

 c
al

cu
la

te
d 

fr
om

 p
H

 a
n

d
 to

ta
l 

al
ka

li
ni

ty
, 

ti
de

 w
as

 c
al

cu
la

te
d 

us
ln

g 
th

e 
S

H
M

 p
ac

k
ag

e.
 I

rr
ad

ta
nc

e 
d

at
a 

\h
ie

re
 o

b
ta

~
n

ed
 us

in
g 

d
 
10

-p
oi

nt
 m

ov
in

g 
av

er
ag

e,
 w

it
h 

1
 m

ea
su

re
m

en
t 

ta
k

en
 p

er
 m

in
ut

e.
 O

n
 f

lu
x/

pC
O

, 
g

ra
p

h
s,

 v
er

ti
ca

l 
li

ne
s 

in
di

ca
te

 w
h

en
 p

C
O

, 
w

as
 a

t a
tm

os
ph

er
ic

 e
q

u
i-

 
li

br
l~

rr
n (

-3
5

5
 ~

ia
tm

) an
cl

 t
he

 h
or

iz
on

ta
l 

li
ne

 r
ep

re
se

nt
s 

th
e 

ne
ga

ti
ve

 f
lu

x 
at

tr
ib

ut
ed

 t
o 

t.h
e 

~
n

~
t

~
a

l
 

oc
ea

nl
c 

un
de

r-
sa

tu
ra

ti
on

 (
th

is
 f

lu
x,

 -
32

 n
ni

ol
 m

 '
S

 
',

 w
as

 e
d

~
rn

at
ec

l us
in

g 
th

e 
m

ea
su

re
d

 o
ce

an
ic

 p
C

O
, 

an
d

 t
he

 a
v

er
ag

e 
ex

ch
an

g
e 

co
ef

l~
c~

en
t 

ob
se

rv
ed

 i
n 

th
e 

re
ef

 f
la

t)
 



Frank~gnoulle et al.. Carbon fluxes in coral reefs. 11. Eulerian approach 127 

quite small at Moorea and the maximum signal was 
approximately 30 cm during the second cycle. Water 
temperature ranged between 27 and 28.5"C and its 
variation was driven by solar radiation. 

Table 1 Daily integration of measured air-sea CO, fluxes 
(posit~ve values for evasion) at the back of the reef (S: sum- 
mer, M': winter). The single value for Moorea summer is from 

Gattuso e t  al. (1993) 

Yonge Reef (austral summer) 

Fig. 2 shows the results obtained at  Yonge Reef in 
December 1993. The partial pressure of CO,, air-sea 
CO2 fluxes and dissolved oxygen displayed changes 
similar to those observed at Moorea. At this site, both 
p C 0 2  and air-sea flux variations were high, with val- 
ues ranging from 250 to 700 patm and from -250 to 
+700 nmol m" S - '  respectively. Tide appeared to be a n  
important forcing process at Yonge Reef, with a semi- 
diurnal signal of 3.5 m during the third cycle. The 
highest flux and p C 0 2  observed values were recorded 
during the nocturnal low tide period. Water tempera- 
ture variations, ranging from 26 to 28S°C, were driven 
by both tide and solar radiation with minima associ- 
ated with nocturnal low tide and maxima associated 
with maximal incoming radiation. 

Daily atmospheric budgets at  the back reef 

Daily integration of air-sea CO2 fluxes measured at 
the back reefs and shown in Figs. 1 & 2 was carried out 
for both sites (Table 1). As already suggested by flux 
patterns in Fig 1, the Moorea winter computation 
yields negative values (CO, invasion), whereas posi- 
tive values were found at  Moorea and at Yonge Reef in 
summer (CO2 evasion). There is a major difference in 
oceanic p C 0 2  between sites and seasons: the oceanic 
surface water was in equilibrium with the atmosphere 
at  Moorea in summer and at  Yonge Reef (pC02  = 
350 patm), whereas it was under-saturated at Moorea 
in winter (pC02  = 326 atm).  

DISCUSSION 

Potential budgets of air-sea CO2 fluxes 

Th seasonal change observed at Moorea in the sur- 
face oceanic water is due  to a temperature effect and is 
in good agreement with p C 0 2  measurements carried 
out In French Polynesia by Y. Dandonneau (pers. 
comm.). The oceanic water at Moorea in winter was 
therefore a sink for atmospheric CO2 before it reached 
the reef. This initial condition has to be taken into 
account to estimate the net effect of reef metabolism on 
the air-sea CO2 flux budget. A simple procedure 
enables one to take ~ n t o  account the fact that oceanic 

Daily atmospheric CO, fluxes (mm01 m-' d-') 
Moorea S Moorea W Yonge Reef S 

P -  

Die1 1 + 1.5 -1.2 +2.7 
Die1 2 - -2.1 +6.5 
Die1 3 - -1.1 +3.2  

water impinging on the reef is not always in equilib- 
rium with the atmosphere. It also takes into account 
the fact that air-sea CO2 exchange is a slow process 
which continues after the water mass has left the reef 
system. 

The procedure can be summarized as follows (see 
also Fig. 3): (1) Oceanic conditions (pH, TA, salinity 
and temperature) are  used to calculate the total dis- 
solved inorganic carbon concentration (DIC). Assum- 
ing constant TA, the oceanic pCO, is set to 355 patm in 
order to derive the DIC concentration corresponding to 
atmospheric equilibrium. The difference between 
these DIC values is the amount of CO, that has to be  
exchanged with the atmosphere to restore atmospheric 
equilibrium (ADIC,). (2) The same procedure is applied 
at the back reef and yields ADIC,,,. At the back reef, 
where DIC displays daily changes, ADIC,,, is calculated 
every hour and is then integrated over 24 h.  (3) The dif- 
ference ADICb, - ADIC, is the potential atmospheric 
CO, flux resulting from the effect of reef metabolism. 
(4)  To obtain th.e total reef effect, it is necessary to take 
into account air-sea fluxes occurnng on the reef flat 
itself (i.e. before the water reaches the back reef sta- 
tion). These are  not included in the above calculation. 
Fluxes over the reef flat can be  estimated from air-sea 
CO2 fluxes measured at  the back reef by integration 
over the water column, which is a good estimation 
because the water column is shallow and well-mixed. 

Results are called 'potential air-sea CO2 fluxes' 
because they assume that the water mass goes back to 
atmospheric equilibrium after crossing the reef. This 
procedure enables estimation of the reef effect in 
terms of CO2 thermodynamics in seawater. The poten- 
tial air-sea CO2 fluxes obtained for both sites are 
shown in Table 2. 

We conclude that (1) at  Moorea in winter, the 
observed under-saturation in the ocean (326 patm) 
induces an  oceanic air-sea CO2 flux that corresponds 
to an invasion of 20 pm01 kg-' to reach equilibrium. 
Since oceanic water was at  equilibrium in front of 
Yonge Reef, the corresponding ADIC, is zero, (2) a t  
Moorea in winter, a smaller air-sea CO, flux was nec- 
essary to equilibrate the system at the back reef than 
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Table 2. Calculated amounts of CO2 that must be released by seawater to reach atmospheric equilibrium (355 patm) at the ocean 
(ADIC,) and after crossing the reef (ADICb,), assuming no calcification (constant T A )  during equilibrium. Reef flat values show 
measured air-sea CO, fluxes on the reef flat that allow calculation of the total reef effect and the atmospheric fluxes. Positive 

values correspond to sea-air fluxes 

ADIC, 

Diel 1 Moorea (Winter 1992) -20 
Yonge Reef (Summer 1993) 0 

D ~ e l  2 Moorea (W~nter 1992) -20 
Yonge Reef (Summer 1993) 0 

Die1 3 Moorea (Winter 1992) -20 
Yonge Reef (Summer 1993) 0 

Atmospheric C budgets (ymol kg- ')  

Reef Atmosphenc potential 
Reef flat ADICI,, Total budget 

-0.9 1 -1.9 +18.1 
+ 0.8 + l 8  +18.8 +18.8 

-1.6 0 - 1.6 1-18 4 
+2.0 + 22 +24.0 + 24.0 

in front of the reef, clearly suggesting that the reef 
was as a net producer of CO,, and (3) according to the 
saturation level, measured daily exchanges on the 
reef flat range from -1.6 (Moorea) to +2.0 (Yonge 
Reef) pm01 kg-'. Except for die1 cycles 1 and 2 at  
Moorea, where calculated exchanges with water after 
it left the reef were low, the air-sea flux occurring on 
the reef flat was 1 order of magnitude lower than the 
exchange necessary to reach equilibrium in water 
which had left the reef. 

Data given in Table 2 are expressed in pm01 kg-' 
because they describe the amount of CO2 that has to be 
exchanged to reach equilibrium in the observed water 
masses Calculations were based upon CO2 system 
thermodynamics. To estimate the total effect at each 
site in terms of CO2 released to the atmosphere, these 
data have to be multiplied by the water flow that 
crosses the reef. The water flow was estimated to be 

TA,,  & 355 palm * DIC ,,., TA,,& 3 5 5  patm * DIG, r , c q  J 
Ocean Back reef 

a tmos  equil. * atmos .  equil. 

p H % , &  TA<,  + DIG., 

v 

Potential  a tmospher ic  budget  

p H h r &  T A b r  * DIC 

Fly. 3. Procedure used to estimate the global air-sea CO, flux 
for oceanic water crossing the reef (see text). Subscripts o, br, 
eq and rl refer respectively to the ocean, the back reef, the 

atmospheric equilibrium and the reef flat 

44 m3 d-l and 129 m3 d-' per meter of reef front for 
Moorea and Yonge Reef respectively. Moorea and 
Yonge Reef were therefore (when respectively aver- 
aged) sources of 8 g C d-' and 28 g C d-' respectively 
or, by taking into account the averaged reef width, 
1.8 mm01 C m-' d-' and 5.1 mm01 C m-' d-' respec- 
tively. 

Finally, data presented in this paper allow a rough 
estimate of the global carbon dioxide emission from 
reef ecosystems: assuming that the potential flux is 
20 mm01 m-2 d- '  (i.e. 1 order of magnitude higher 
than fluxes measured in the field; see  Table 2), the 
global CO, flux to the atmosphere is about 0.05 Gt C 
yr-l. This flux represents about 1 % of the present 
anthropogenic input and is in good agreement with 
the value (0.02 to 0.08 Gt C yr-') computed by Ware 
et al. (1992). 

Air-sea CO2 fluxes and wind speed 

The magnitude of the air-sea flux is a function of the 
exchange coefficient, K (piston velocity; Eq. 1). The 
estimation of K is complex because it depends on envi- 
ronmental parameters which are  difficult to evaluate 
(e.g.  wind, sea-state, bubbles, surface film; Liss 1983, 
Wanninkhof 1992). Wind speed is recognized as the 
dominant factor that influences the exchange coeffi- 
cient, and relationships that allow the calculation of K 
as a function of wind speed have been proposed (Liss & 
Merlivat 1986. Wanninkhof 1992). 

Because w e  measured both flux and pC02 data,  we 
are able to derive values for K at both sites. Such 
derivations of K use Eq .  (1) and take into account the 
salinity and temperature dependence of the CO2 solu- 
bility coefficient. It should be noted that the bell 
method to measure air-sea CO, exchanges suppresses 
the direct wind effect on the flux such that K is under- 
estimated. On the other hand, the effect of the inner 
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of a surface layer is taken into Table 3. Regression data obtalned by plotting In(pC0,) versus 
the method but is In(D1C) to yield the homogeneous buffer factor P (slope; cf Flg. 5 )  

reproduce in laboratory experiments, such as 
with the wind tunnel, which has been used to 
derive the Liss & Merlivat (1986) relationship. 
Frankignoulle (1988) discussed results yielded at 
sea by the bell method over a wlde range of wlnd 
speeds (from 0 to 14 m ss') and sea-states and 
suggested that K-values obtalned by both meth- 
ods agree within 30 % 

Calculated K-values are shown versus wind 

Homogeneous buffer factors P = dln(pCOL)/dln(DIC) 
Moorea (W~nte r  1992) Yonge Reef (Summer 1993) 

P " 'C,, , c p >"C .,c 

Die1 1 6 79 74 L 25 8 8 7 3  8 2 7  1 7 3  
D ~ e l  2 6 53 72 8 27 2 7 6 5  7 8 9  2 1 1  
D1e13 6 3 5  7 1 9  2 8 1  8 0 7  8 1 1  1 8 9  

speed in Fig. 4 At Yonge Reef, wind speed was 
6 to 11 m ss1 and thus above the value that is charac- 
terized by a stronger influence of wind effect (3.6 m S - ' ;  

Liss & Merlivat 1986). It is clear from Fig. 4 that most 
of our set of experimental K-values fall between the 
2 theoretical curves 

At Moorea in winter, wind speed was most often 
lower than 6 m S-' but corresponding K values were 
hlgher (about 5 X 10-' m S-') than those proposed by 
the theoretical curves. This observation can be 
explained by the fact that the reef flat is a turbulent 
system (depth = 1 m and current = 0.2 m S-') and that 
this turbulence, independent from the wind, increases 
the exchange coefficient as detected by the bell 
method. This effect is masked in Yonge Reef due  to 
higher wind speed, which increases the exchange 
coefficient. Using the coefficient obtained at low wind 
speed in Moorea, one can c a l r ~ i l a t ~  that the averaged 
dally fluxes obtained at Yonge Reef (2.7, 6.5 and 
3.2 mm01 m-' d-l; cf. Table 1) would, under similar tur- 
bulence conditions, be respectively equal to 1.9, 3 .5  
and 1.0 mm01 m-2 d-l, i.e. about 50% of the observed 
values. 

Finally, Eq. (1) can be used, with averaged p C 0 2  and 
calculated exchange coefficients, to estimate that 3 to 
6 d would be needed to restore equilibrium after water 
crosses the reef 

Dynamics of inorganic carbon 

p C 0 2  displayed strong daily variations at the 2 sites 
investigated These were related to metabolic pro- 
cesses that Induce changes in the dynamics of total 
lnorganlc carbon Numerous natural processes are 
I~able  to modify seawater pCO, and 11s total lnorganlc 
carbon content (e  g Stumm & Morgan 1981) (1) Pri- 
mary production decreases pC0 ,  as a result of uptake 
of dissolved CO2 and H,O+ Resplratlon has the oppo- 
site effect (2) Calcification Increases p C 0 2  as a result 
of chemlcal equ~libration involved wlth carbonate 
f~xatlon (3) Air-sea exchange of CO2 increases or 
decreases dissolved CO, (4) Increase in temperature 
increases pCO, due to changes in the CO2 solubility 
coefficient and of the carbonic acid equlllbrlum con- 
stants 

Although these processes occur s~multaneously, 
thelr relative intensity varies throughout the day and 
according to season Consequently the CO2 d~s tnbu-  
tlon at any particular tlme can be difficult to estlmate 

The data set presented here allows estimations of 
the homogeneous buffer factor P (cf Eq 21, the value 
of which highly depends on the process responsible 
for changes in inorganic carbon concentration (cf 
Eq 3) Flg 5 shows that the correlation between 

ln(pC02)  and ln(DIC) 1s very hlgh, with r2 
ranglng from 0 96 to 0 99 P values are about 

Piston velocity (10 "m.si) 6 5 and 8 at rvloorea and Yonge Reef respec- 

50 tlvely (Table 3) Assumlng that changes 

Wann~nkhof (1992) in dissolved CO? induced by air-sea ex- 
40 change are negllglble compared wlth 

changes induced by organic metabolism 
30 Eq (3) allows for the calculation that the 

proportion of total carbon uptake used for 
organic metabolism 1s about 73% at Moorea 
and 80% at Yonge Reef These results agree 
well wlth those obtalned by Gattuso et a1 
(1996) who determined metabolic parame- 

0 2 4 6 8 10 
W ~ n d  speed (m S ') 

l2 
ters on the reef flats (gross photosynthesis, 
respiration and net calcification) using a 

Fig 4 Piston veloc~ty versus w ~ n d  speed obtained at  ~Moorea in ivlnter 
(0 )  and at  Yonge Reef in summer (m) Theoretical curves are  also Lagrangian technique The pro- 

~ndica ted  (see text) posed here, using pCO, and DIC dynamics 



Frankignoulle et al.: Carbon fluxes in coral reefs. 11. Eulerian approach 131 

5 . 4 0 ~ 1 '  5 . 4 0  reefflat. 
0.60 0.62 0.64 0.66 0.68 0.70 0.72 0.60 062 0.64 0.66 0.68 0.70 072 

In(DIC) In(DIC) 
These results emphasise the need for fur- 

ther field data to assess the role of coral 

at a single station, is an  alternative method for deter- constant during the measurements. Since air-sea CO2 
mining the relative importance of calcification and the exchange is negligible compared with metabolic 
net production. Robertson et al. (1994) recently used fluxes, the proportions of inorganic carbon for organic 
this approach to study a coccolithophore bloom in the metabolism and inorganic metabolisn~ are constant. 
North Atlantic. Their results suggest that 50% of the Thus, the daytime ratio net photosynthesis/calcifica- 
uptake of inorganic carbon goes to organic meta- tion and the nighttime ratio respiration/calcification 
bolism in this ecosystem. are  constant at  both sites. This observation is also sug- 

The assumption that air-sea CO2 exchanges are gested by the Lagrangian approach and  is discussed in 
negligible in the above calculation can easily be justi- detail, in terms of metabolic significance, by Gattuso et  
fied (see also Smith & Veeh 1989, Smith 1995). a1 (1996). 
Although air-sea fluxes are quite important on the 
reef flat, their magnitude is low compared with meta- 
bolic parameters: the daily air-sea CO2 fluxes (ca Conclusions 
1 mm01 m-2 d-l; see Table 1) are 2 to 3 orders of mag- 
nitude lower than gross primary production, respira- Both Moorea and Yonge Reef flats were potential 
tion and net calcification (-821, +730 and -186 mm01 sources of atmospheric CO2. The overall fluxes calcu- 
m-2 d-' respectively in Moorea and 1 2 7 9 ,  +l243 and lated for Yonge Reef are  about 4 times higher than for 
-253 mm01 m-2 d-' i n Yonge Reef; Gattuso et al. Moorea. 
1996). As might be expected, the saturation level of 

Fig 5 also shows that P is constant over the entire oceanic water with respect to CO2 is of prime impor- 
die1 cycle. In terms of CO2 chemical dynamics, this tance in calculations of the global effect of reef 
means that the amount of uptake or release of dis- metabolism on the atmospheric budget for CO,. An 
solved CO2 due to any process over the amount of atmospheric budget cannot be derived from observa- 
effective carbonate ion uptake for calcification was tions made solely over reefs. Data obtained a t  Moorea 

in winter have shown that initial (oceanic) 
conditions can result in air-sea fluxes of 
CO2 over the reef flat whilst overall the 

Moorea Yonge Reef reef indeed behaves as a net source of 

In(pCO2) 1.25 + 6.79 In(DIC) 1 In(pCO2) = 0.17 + 8.37 In(DIC) 
" COz. 

6.20 P-3 B9 D ~ C  LUC.~ CO2 exchange occurring on the reef flat 

6.00 

5.80 
D i e l  2 . flm 

5.60 

0.60 0.62 064 066  0.68 0.70 0.72 

5.80 

5.60 

contributes very little to the air-sea CO2 
equilibration; most of the equilibration 
takes place after the water mass has left the 

In(pC02) = 1.57 + 6.35 ln(DIC) 
6.20 "-0 5 :  pc0 W 3  

In(pCO2) = 0.42 + 8.07 In(DIC) 
6.20 "=0 99. r<O C300 

6.00 H 6.00 

5.80 
D i e l  3 .S 

ICC 
5.80 

5.60 # m. 5 60 

In(pC02) = 0.55 + 7.65 In(DIC) 
~ = 0 9 9  prumco 

7.00 

6.60 

6.20 

5.80 

540 ' 

Fig. 5. Plots of In(pC02) versus In(D1C) obtained during die1 cycles ~n 
order to assess the homogeneous buffer factor P (slope; see text). For the 
second cycle at Yonge Reef, scales were adjusted to the wider range of 
observed values. pCO, data were normalized to 27OC as described by 

Copin-Montegut (1988) 

reefs in terms of atmospheric budget. The 
wide range of ecological conditions (preser- 
vation, biodiversity, photosynthesis versus 
calcification, etc.) encountered in these 
ecosystems could be responsible for sub- 

it must be borne in mind that reef systems 
have a minor role in the present carbon 
budget (Crossland et al. 1991). 

The homogeneous buffer factor P was 
remarkably constant over 24 h at  both sites 
and can therefore be  used to estimate the 
percentage of the inorganic carbon uptake 
used for calcification. The constancy of P 
over 24 h also suggests that calcification is 
proportional to net production during the 
day and to respiration rate at night, which is 
consistent with metabolic rate relations as 
determined by other techniques. 

0.60 0.65 0.70 0.75 080  stantially different conclusions. At any rate, 
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