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RESUME 

Les Aux de gat. carbonique Cl d'o~ne ont tte mesurCs dans des enccintes de 0,2 m1 pladcs 1. 
I'interface eau-sediment, dam: le lagon: SW de Nouvdle-Caltdonie. l...es U'avaux ont ett mena 
sur plusieurs sitcs reprae:ntarifs d'une large gamme de milieux. Lcs incubations ont etc rbJistcs 
a l'obscuritc pour csrimer l.a rcspiracion, puis i la lumihe ambianre, afin de suivfe Ics effcu de 
la produaion primairc. Lcs quotienu respiratoire (QRC.produaion de C01/consommation 
d'Ol) et photosynthctique (QPC _ produaion brute d'02lconsommarion brute de CO2) des 
communautb ont he calcu1& par regressions lineaitcs fonctionndles (modC.le Il). La valeur de 
QRC estimec a pactir de 61 incubarioru est de 1,14 (E.5, 0,05) et la valeur de QPC obtenue 
sur 18 incubations est de 1,03 (£.5. 0,08). La linearitt des relations entre Ics flux d'02 et 
de CO2 nous pctmet de considcret Ics w.!eurs obtenucs comme representatives de I'enscmble 
du lagon. A . 

Moh cl •• : goz corboniqw, oxygene, mltIoboIisme, coelfici«lts resp;roIoim et phoIosynthetiqws de 
""""""""~. 

ABSTRACT 

urbon aioxUk Ilrui oxygm foc«s I«f't mttuU"a in 0.2 ",2 mcuml1n pbJua III IIN Wilttr sniimml 
inuifau in tht SW"'toOn of Ntw Gtkdonill, Expnimmt'J. ~rmtd III Sevtrll/ statiON ;nll iliUM 
rangt of m";ronmmts. lilt" cllmea OUI bolh in ""rlentll 10 t1/i11lll1e respirlltion IInd lit ambiml 
light. w tWtIl tiN iffecn of primary production. TIN community mpirlltory quotimt (CRQ - COl 
production ,IIuf01 coNumplion rlllt) IInd tht community pholtlJynthttic quoritnt (CPQ . trOss 0 1 
proJuction raufgross COl ."Numprion rate) wtrt cllkulatetl hJ fonctiJJ1IJZ/ rtt;rnsioru. The CRQ 
vaJw. cabLmdfrom 61 jncubalions. UIaS 1.14 (5.£ 0.05) and IIN CPQ /Ill/ut. obtaintdfrom 
18 incublltions, was 1.03 (S.£. 0.08), TIN linellrity of Im "iIltionship Htwun Iht 0 1 and Im 
CO2 fluxn suggnts ,Jut, thnt ,,"/un a" rep'nmtari~ fo, tht lllhok lagoon . .. 

Key words ; corboo dmide, ~. rnetCJboIism, COI'IYI'IUrIity r8$piratoty ond photosynthetic quorienl. 

VERS ION AURECEE 

L a mesurc des tnnskns de carbone org2nique entre: les 
comp4lnimenu fonctionncls dcs rbeaux trophiqucs CSt un 

eUmcnt n&esuire II I'estimation dcs flux d'energie dan$ [a 
&osystcma matins. Ccs flux sone souvene me:surts pilf Ics &hanges 
de gn carbonique, qui som 11. [a foil le produit ultime de la 
degradation a~tobie et ana~robie de la matihe organique et la 
soutcC' de C1rbone pour I'~ [aboration des t issus vegetaux. Lc:s Rux 

Noee I'rbcnrtt p .. OJU<k Ltvi. 

de CO, i l'imerf:lce eau-sb:Iiment repro!:semenf done le bilan 
des ph~nomtnes de respir:nion et de photO$ymhbc. Au COUI'$ 

de la fe$pintion. la quantit~ d'O) e$t liCe 11. cdk de CO2 1»-' 
le quotiem re$piraroirc (1I1CO,/110, 1); de m~me. 1'0 , rejet~ 
et [e COl al»o~ pendant la photosynthbe som liCs par le 
quotient pho!osynth~,ique ([ 1101/flC01 1). Le but de ce navall 
a et~ d'ntimer In quotients m&aboliqun de communaut6 qui 
permenent de o.kuler Ics Rux de carbone i panir de mesures 
d'Ol ' plus aistc:s 11. obtenir dans le milicu named que cclles de 
COl. 

Noec mni~ k 20 mai 1994, ao;uyttt apra mi,ion k 26 ""P'emb~ 199<1. 
Lcs quorienu respiratoire C'( phOlosymh&:ique du benthas ont ere 
&udiCs en $Clllembrc:-oaobre: 1993 sur 7 5talions reprbtnrativc:s 
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des fonds du lagon SW de Nouvelle-Caledonie. Les flux d'Oz et 
de COz a I'interface· eau-sediment ont ere esrimes simultanement 
a l'interieur d'enceinres de 0,2 mZ constiruees d'une base en 
PVC coiffee d'une demi-sphere transpareme. Les incubations 
(3 replicats) ont d'abord ete realisees a la lumiere pendant 2 h ; 
apres renouvellemenr de I'eau, dies ont ere poursuivies 3 h a 
I'obscurite pour sil!\uler les conditions nocrurnes. Les valeurs des 
mesures de sondes· pH et polarographiques placees dans I'eau 
enclose ont ete relevees routes les 10 s et les moyennes par minute 
ont ete stockees sur memoire numerique. Elles om evolue en 
fonction de I'eclairement clans les enceintes claires, tandis qu'e1les 
ont diminue lineairement a I'obscurite. Des dosages de I'alcalinite 
totale ont ere realises sur des echantillons d'eau filrres , preleves en 
debut et en fin d'incubation. Les flux de CO2 ont ere calcules a 
parrir des donnees de pH, alcalinite rotale, remperarure et salinire. 
Les quotients respiratoire et phorosynthetique ont ere calcules par 
regression (methode des moindres ·rectangles). 

A I'obscurite, les flux d'02 Ont varie de 0,42 a 2,78 mmol m- 2 h- 1 

et ceux de COz entre 0,60 et 3,01 mmol m-2 h- I
• A la lumiere, 

les flux bruts d'02 ont varie de 1,40 a 11,86 mmol m-Z h -I et 
ceux de CO2 entre 0,71 et 11.95 mmol m-2 h- I

• Aucune photo
inhibirion de la photosynthese n'a pu erre constatee sur I'evolution 

Energy f1uxes through marine benthic ecosystems are 
usually investigated by means of organic carbon 
transfers through the water-sediment interface 

as reflected by changes in the chemistry of the 
overlying water. CO2 is the ultimate product of organic 
matter degradation through both aerobic and anaerobic 
metabolisms [1 J and is the carbon source for the 
production of plant tissues by photosynthesis (2) . CO2 

flux at the water-sediment interface is the result of 
the balance of respiration and photosynthesis, the two 
processes operating in light, whereas photosynthesis stops 
in the dark. 

Calculations of total CO2 concentration from field pH 
measurements in seawater . are currently used [3-5) but 
they involve cumbersome total alkalinity measurements 
[6, 7). Knowledge of metabolic quotients allows organic 
carbon flux to be calculated from O 2 flux alone, which 
is less difficult to measure in situ than CO2 flux. In light, 
O 2 production and CO2 consumption by microphytes or 
plant tissues are related by the photosynthetic quotient 
(PQ= I tl02/tlC02 1) and, in the dark, O 2 consumption 
and CO2 production are related by the respiratory 
quotient (RQ = I tlCOitl02 I). As these fluxes result 
from organism metabolic pathways and biogeochemical 
processes as well at the water-sediment interface of 
undisturbed communities; it has been proposed to use 
benthic community respiratory (CRQ) and community 
photosynthetic (CPQ) quotients (8). 

The aim of this study was to calculate these community 
metabolic quotients on the same undisturbed sediment 
area from representative stations sampled in a tropical 
lagoon at ambient light and dark conditions. 

Materials and methods 

Field measurements were performed in the south-west 
lagoon of New Caledonia (SW Pacific) in September
October, 1993. Triplicate incubations at the water-
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des concentrations en 02 a la lumiere. La valeur es[imee du 
quotient respiratoire de communaute est de 1,06 (n = 19, l = 0,84, 
E.S. = 0,10) aIotS qu'une precedente etude realisee sur le meme 
lagon selon des techniques identiques, mais a une autre saison, 
fournit une vaIeur de 1.17 (5). Cette valeur ne differant pas 
significativement de celle obtenue pendanr la presente etude, nous 
avons fusionne les deux groupes de donnees er obtenu une valeur de 
1.14 (n = 61, r2 = 0,90, E.S. = 0,05). La valeur esrimee du quotient 
phorosynthetique est de \,03 (n =l8, r2 = 0,91, E.S. = 0,08). 

La technique developpee dans le milieu naturel permet une 
mesure simul(anee des flux d'02 e( de C02 a I'interface eau
sediment et aurorise un calcul precis des quotients me(aboliques 
du benthos. Nous avons estime de tels coefficients sur des stations 
de caracteristiques distinctes representant les principaux types de 
fonds du lagon. Le quotient respiraroire a ete calcule sur deux 
saisons et le quotient phorosynthetique a ete obtenu sur une large 
gamme d'ec1airements (0,33 a 0,91 mol m-2 h-1

). La linearite des 
relations entre les flux d'02 et de CO2 nous perme( done de 
considerer les quotients respiraroire et phorosymhetique obrenus 
comme des constantes representatives de I' ensemble des substrats 
meubles du lagon . .4 

sediment interface were conducted at 7 stations ensuring 
a wide range of biotic and abiotic conditions (Fig. 1 and 
Table I). 

Oxygen and carbon dioxide fluxes at the water-sediment 
interface were simultaneously estimated in the water 
trapped in enclosures [3). At each sampling station, 3 PVC 
tubes, covering 0.2 m2 of bottom surface, were carefully 
pushed about 10 cm into the substrate by SCUBA divers 
ensuring a minimum of sediment disturbance. They were 
covered with clear acrylic hemispheres to trap a known 
volume of water (from 52.7 to 58.9 I, depending to the 
depth of core insertion into the substrate). Incubations 

.- . ' . 
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Figure 1. Location of sampling stations in the SW lagoon of New 
Caledonia. 
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Table I 
Characteristics of the sampling stations. Temp : water temperature; Plant AFDW : ash free dry weight 
of macrophytes; Chi a: quantity of chlorophyll a ; % Chi a: percentage of chlorophyll a in total 
photosynthetic pigments. Sediment types are according to Wen worth scale [28J : FS, fine sand; VFS, 
very fine sand; MD, mud 

Station Depth Temp Light Plant AFDW Chi a %Chl a Sediment % mud 
name (m) °C (mol.m-2 .h-1 ) 

Sainte-Marie 9.2 22.2 0.33 
Seche-Croissant 10.2 22.7 0.60 
Mbere reef 8.5 22.6 0.68 
Abore reef 5.0 22.9 0.73 
Rocher a la Voile 7.5 23.7 0.70 
Maa bay 8.5 23.9 0.91 
Papaye bay 9.5 23.5 0.40 

began at between 9 to 10 a.m. according to the station 
and lasted for 2 h at ambient light (light incubations). The 
enclosures were then opened for 15 min to renew the 
incubated water in order to restore ambient conditions. 
The clear hemispheres were relocked and sheltered with 
black polyethylene plastic sheets and aluminium covers 
for light exclusion and thermic isolation, respectively. Dark 
incubations were then conducted for 3 h, a lengh of time 
which allowed the O 2 saturation percentage to remain 
above 80 %. . 

Enclosed water was gently stirred using submersible 
pumps powered by waterproof batteries to prevent the 
formation of concentration gradients and to allow good 
irrigation of the oxygen and pH probes placed in a 
water closed-circuit connected to the enclosures. Details 
on probes deployments are given in (5, 9). Incubation 
water was collected by SCUBA divers using 100 ml 
syringes, at the beginning and at the end of light and dark 
incubations. The water was filtered on GF/C Whatman 
membranes to remove particulate material and stored in 
the dark at 4°C pending analysis. Total alkalinity (TA) 
was measured, within 2 days, on 50 ml subsamples by the 
potentiometric automatic method (10) using a Tacussel 
Titrator (TT-processor 26005) and an automatic burette 
(EBX2 20 ml). 

Oxygen flux (1102 mmol m-2 h-I ) was calculated as the 
difference in values recorded at the beginning and at the 
end of light incubations, and as the slope of oxygen 
concentrations vs. time during dark incubations. The 
total carbon dioxide concentration (l:C02) was calculated 
using pH, TA, temperature and salinity data (11) . The 
total carbon dioxide flux (I1l:COz) is the difference in 
COz concentrations at the beginning and at the end of 
light and dark incubations. I1I.C02 not only depends on 
biological activity but also on total alkalinity shift related 
to the variation of CaCO) and to the effects of anaerobic 
metabolism. Biological carbon dioxide flux (I1C02 mmol 
m-2 1'1-1) was calculated as : I1C02 = I1I.C02 - 1/211 TA 
[3, 12) . 
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(g.m-2 ) (mg.m-2 ) type 

0.00 35.46 42.26 FS 36.04 
65 .38 34.68 37.25 FS 8.62 

0.00 17.67 66.00 FS 1.34 
0.00 54.03 71.13 VFS 1.96 

51.80 60.29 51 .20 FS 7.52 
40.31 28.92 36.26 MD 82.73 
43 .95 34.34 38.04 VFS 61 .50 

During dark incubations, 0 1 and CO2 fluxes (I1C02 0 and 
1102 0 respectively) depend mainly on respiration pro
cesses. The community respiratory quotient is therefore : 
CRQ= I I1C02 0/1101 0 I. In light incubations, net O 2 

and CO2 fluxes (I1COzl and 1102 l respectively) result 
both from photosynthetic activity (I1C02P and 1102 P) 
and respiration or other processes. The flux related to 
primary production is thus: I1C02 P=I1COzl-I1C02 0 
and 110z P = 1102 L + 11020. The community photosynthetic 
quotient corresponds to : CPQ = I 1102 P/I1C02 P I. As oxy
gen and carbon dioxide fluxes are both affected by natural 
variability and measurement error, the metabolic quotients 
are calculated by means of functional regressions (131 . 

Some parameters that can influence benthic metabolism 
were also measured. As zoobenthic biomass in the lagoon, 
mainly involved in respiration, has already been studied 
(14, 15), the experiments were particularly focused on 
photosynthesis. Photosynthetically active radiation (PAR, 
400-700 nm) was measured with a quantum sensor (LiCor, 
1I-192SA) placed inside one of the enclosures. Data 
were integrated over the experiment duration (mol m-Z 
h-I ) . Microphytobenthos biomass was indirectly assessed 
through sediment chlorophyll a measurements. The top 
centimetre from five 5.31 cm 2 cores, manually collected 
by SCUBA divers inside each enclosure, was carefully 
separated and deep-frozen in darkness for later analysis. 
The samples were later lyophilised (16) and pigments 
were extracted by 90 % acetone for 18 to 24 h. After 
filtration of the extract, optical densities were assessed on a 
spectrophotometer at 750 and 665 nm. Equations derived 
from Lorenzen (17) were used to calculate chlorophyll 
a concentrations (mg m- Z). Macroflora was collected 
by hand in each enclosure. Ash free dry weights were 
calculated from dry weights and ash weights measured 
after oven-drying (60°C) until the weight was constant 
and then heated again at 550 °C for a futher 3 h. Plant 
biomasses are expressed in grams of ash free dry weight per 
m1 (gAFDW m-2). The mud fraction « 63 I-Lm) percentage 
was determined by granulometry. 
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Results 
Experiments were performed at seven stations, allowing 
the measurement of metabolic quotients over a wide 
range of light levels, sediment characteristics, chlorophyll 
a contents and macrophyte biomasses (Table /J. During 
successive light and dark incubations, oxygen and pH 
changes were similar, and varied according to light 
intensity, linearly decreasing in darkness (Fig. 2). During 
dark incubations, ~C02 D and ~02D varied from 0.42 to 
2.78 mmol m-2 h-1 and 0.60 to 3.01 mmol m-1 h-1 res
pectively. The CRQ value calculated from 19 incubations 
is 1 .06 (S.E. 0.10). The regression explains 84 % of the 
variability of data (Fig. 3). 

LIGHT DARK 
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S --~ 0.22 

= t: 
c 
~ 
bll 
~ 
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0 0.17 

8.30 

::c c.. 8.25 
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o 100 200 300 

Time (mn) 
Figure 2. Oxygen and pH evolution over an incubation, in light 
and dark conditions. Recording frequency is 7 mn. The arrow 
indicates the enclosure opening when enclosed water is renewed. 

CRQ has been estimated to be 1.17 during a previous 
study in the SW lagoon of New Caledonia (5). The latter 
value was obtained, however, during the warm season 
(December 1991-January 1992) with a mean temperature 
of 25.8 °C whereas the present study was conducted at 
the end of the cool season with a mean temperature 
of 23.3 cc. As the two CRQ estimates do not differ 
significantly (Z=0.95, P>0.05), we calculated a mean 
CRQ considering the pooled values (N = 61). The slope of 
the functional regression is then 1.14 (S.E. 0.05) and the 
regression explains 90 % of the variability of data. The 
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Figure 3. Relationship between C02 production and 02 
uptake (absolute values) during dark incubations on triplicated 
experiments at 7 stations. Regression is Type /I, geometric mean. 

global CRQ value is significantly greater than 1 (Z = 2.79, 
P<O.Ol). 

During light incubations, ~C02P and ~02P varied 
from 1.40 to 11.86 mmol m-2 h-1 and 0.71 to 
11 .95 mmol m- 2 h-1 respectively. No photo-inhibition 
was noticed on data records during light incubations. 
~C02P and ~02P (Fig. 4) were also well correlated 
(r2 = 0.91) and the CPQ value obtained from 18 
incubations is 1.03 (S.E. 0.08). CRQ does not differ 
significantly from 1 (Z = 0.36, P > 0.05). Variability of 
the ratio calculated for each experiment, which ranges 
from 0.51 to 1.28 for CPQ and 0.87 to 1.61 for CRQ 
respectively, demonstrates that the computation of 
functional regression on a representative sample is required 
to obtain reliable estimations of metabolic quotients. 

Discussion 
As a comprehensive discussion about CRQ has been 
published (5), we will focus our comments on the general 
significance of the quotient. During dark incubations, 
oxygen demand results from pooled effects of aerobic 
respiration and oxidation of dissolved reduced metabolic 
end-products of anaerobic respiration, reaching the sedi
ment surface. However, some of the anaerobic respiration 
products are insoluble and cannot be transported to the 
oxidised layer of sediment. Thus, observed oxygen fluxes 
differ from the simple sum of all metabolic processes. 
CO2 flux, on the other hand, corresponds to both aerobic 
and anaerobic respiration [1, 181. CO2 release could 
only be reduced by some particular procedures such as 
chemical action on carbonate by organic acid produced by 
fermentation, or chemolithotrophic CO2 fixation, although 
the process is not likely to affect the CO2 flux significantly 
1191 . CRQ could, therefore, not be regarded as a simple 
aerobic metabolic quotient, or as an estimate of the ratio 
of anaerobic and aerobic metabolisms. It is merely a 
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Figure 4. Relationship between gross O 2 production and gross 
C02 uptake (absolute values) during light incubations on 
triplicated experiments at 7 stations. Regression is Type 11, 
geometric mean. 

conversion coefficient allowing a global CO2 flux to be 
calculated from a total oxygen demand, easy to collect 
in situ. It is thus difficulf to attach a proper biological 
signification to CRQ, given that it corresponds to a 
heterogeneous biogeochemical parameter. A value of CRQ 
close to 1 indicates, however, a benthic system where the 
bound and soluble pools of reduced material are close to 
steady state (20) . This is not the case in the SW lagoon of 
New Caledonia where a CRQ value significantly higher 

Metabolic quotients in a tropical lagoon 

than 1 indicates the general importance of anaerobic 
metabolism processes in sediments [51. 

CPQ corresponds to the ratio of community gross photo
synthetic emission of oxygen on community gross fixation 
of carbon. Gross O 2 and CO2 fluxes are calculated from 
net fluxes measured during light incubations, corrected for 
the effects of any biological or biogeochemical processes 
recorded during dark incubations. In our experiments, 
benthic primary production is mostly related to the joint 
activity of macrophytes and microphytes. The process 
also depends on the activity of symbiotic algae, mainly 
associated with foraminifera (21), which are abundant in 
the SW lagoon of New Caledonia. The ratio is, thus, a 
realistic .measure of the rate of O 2 production divided by 
the rate of CO2 utilisation by plants. The photosynthetic 
quotient can be influenced by various factors (11) . The 
main sources of error are photorespiration that reduces the 
photosynthetic quotient [22, 23), or chemo-autotrophic 
bacteria using hydrogen sulphide instead of water for 
the photosynthesis process (24). Our results are close to 
the theoretical estimations of PQ, based on the general 
equation of photosynthesis, which predict a value of 1, 
except when the end products of photosynthesis are not 
carbohydrates (25) . Whereas typical values for marine 
phytoplankton lay in the region of 1.1 to 1.3 (2), with 
a generally accepted median value around 1.25, PQ 
for benthic communities varies greatly according to the 
experimental design and the calculation method. It is, 
however, accepted that this quotient is slightly more 
than unity in most coral reef environments (see (26) for 
a review). In our study, the excellent linearity of the 
regression between O 2 and CO2 fluxes indicates that both 
a CPQ and a CRQ of around 1 are representative for the 
whole lagoon, and that the system is in autotrophic balance 
(27) . The calculated indices allow, thus, the estimation 
of global benthic carbon fluxes in the lagoon of New 
Caledonia, from O 2 measures easier to collect. 'Y 
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