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ABSTRACT. Community metabohsm (primary production, respiration and calcification), nutrient budgets, and export of particulate organic matter of a patch reef were investigated in the lagoon of Tikehau atoll (Tuamotu Archipelago, French Polynesia). The pinnacle studied displays strong carbonate
dissolution of the top surface layer, estimated to be up to -37 g C a C 0 3 m-2 d-I The net production is
negative (-3.2 g C m-2 d-l) and the gross primary production was estimated to be 4.4 g C n1r2 d.' So the
lagoonal pinnacle appears to be a sink for particulate organic matter, which is trapped by the reef
frame, and a source of nitrate for downstream lagoonal waters.
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INTRODUCTION
Patch reefs are a common feature of tropical lagoons
and can contribute significantly to the total lagoonal
productivity. Plant and animal biomass on patch reefs is
high compared to bottom sediments and most lagoonal
resources (pearl oysters and fish) are located close to
the pinnacles. There are approximately 500 coral reef
pinnacles in the lagoon of Tikehau atoll (Tuamotu
Archipelago, French Polynesia), which cover nearly
1 km2, i.e. 0.3 %, of the lagoon area. Most of them rise
from the floor of the lagoon to the surface, but a minor
proportion is completely submerged in deep water.
The high animal and plant biomass observed close to
the pinnacles can be explained by the presence of
favorable substrata for marine plants and refuges for
the marine fauna, but also by the important organic
production of the pinnacle community. The persistence
or disappearance of pinnacles is the result of competition between erosion by wave action and bioerosion
and bioaccretion (Hutchings 1986, Sammarco 1996).
The net primary production of coral reef communities can be estimated by measuring net O2 or CO2
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production or export of organic matter from the reef
community to surrounding waters (Knsey 1983, 1985,
Hatcher 1990, Crossland et al. 1991, Barnes & Lazar
1993). Changes in O2 concentration and total alkalinity in the water flowing over coral reef flats are commonly used to estimate reef community production
and calcification (see review by Kinsey 1985). If the
pinnacle net production was positive, export of particulate organic matter (POM) would be observed and
sedimentation of POM would be higher close to pinnacles than at distant sites. In addition, a high positive
net production requires elevated uptake of inorganic
nutrients, and their concentrations would be lower on
the leeward side of the patch reef than on the windward side.
In this paper, we calculate the production of a reference patch reef using 02,total alkalinity, POM and
nutrient budgets from the windward and the leeward
reef sides. We also try to estimate the export of particulate matter from pinnacles by measuring the particulate matter deposition rate around a pinnacle.
We seek to answer the following questions: (1)What
are the excess community production and net calcification of lagoon pinnacles? and (2) Are patch reefs a
source or a sink for major nutrients?
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Fig. 1 Schematic representation of reference pinnacle (Tikehau atoll. Tuamotu Archipelago, French Polynesia) investigated in this study

MATERIAL AND METHODS
Study site. The patch reef chosen was a previously
studied patch reef located in the southern part of Tikehau lagoon (15.09"S, 148.24"W). Bioerosion of this pinnacle was first studied in 1982 by Peyrot-Clausade
(1984), and community metabolism of an enclosed
community of this pinnacle was investigated in 1989
by Charpy & Harmelin-Vivien (1992). This patch reef
was also chosen for a 5 yr experiment to study bioerosion and accretion (Peyrot-Clausade et al. 1995a, b, Le
Bris et al. 1998).It is almost circular with a near surface
diameter of 70 m. It rises from the floor of the lagoon
(21 m depth) to within 0.5 m of the lagoon surface
(Fig. l ) .
The upper zone (0 to 2 m) of the pinnacle is colonized
by algae (Halimeda, Pocockiella, Caulerpa, Liagora
ceranoides, algal turfs). Corals on the windward slde
are mainly colonies of Porites lobata and Millepora
platyphylla whereas the leeward side is mainly colonized by Acropora variabilis, Acropora hyacinthus and
Acropora hemprichii. At mid depth (2 to 6 m), algae
(Halimeda, Caulerpa) compete for space with corals
(Montipora, Astropora, Psammocora, Porites, Platygyra, Pavona). The lower zone (6 to 15 m) is occupied
by patches of the corals Montipora verrucosa, Stylocoeniella, Platygyra daedalea, Acropora formosa, Stylophora pistillata and Favia favus, growing on a detrital or sandy gentle slope (Faure & Laboute 1984,
Harmelin-Vivien 1985). Bioeroders were dominated
by mobile cryptofauna, 40% of which were mollusks
(Peyrot-Clausade 1994).
Sampling. Thirty budgets of oxygen, total alkalinity,
nutrient and POM were taken in January 1991 and
March 1992 from the reference pinnacle. Sampling
was conducted at 4 h intervals during the day and
night for a total of five 24 h periods. Water samples
were collected with acid-cleaned Niskin bottles at
0.5 m depth on the windward side and at 0.5, 1.5 and
2.5 m depth on the leeward side of the reference pinnacle. Samples were kept in darkness pending analy-

sis. Current speed was estimated by measuring the
time needed for a neutrally buoyant drifting device to
cover the 70 m of the pinnacle.
Nutrient concentrations (NO2,NOs, NH,, PO4,S i 0 2 ) ,
dissolved organic nitrogen (DON) and phosphorus
(DOP), total alkalinity (TA), dissolved O2 concentration, particulate organic carbon (POC),nitrogen (PON)
and phosphorus (POP), chlorophyll a (chl a), phaeophytin (Pha) and adenosine triphosphate (ATP) were
measured in the water column,
Analytical methods. Dissolved inorganic nutrient
(NH,, NO2, NO3, Si02,PO,) concentrations were determined within 1 h of sampling in the laboratory using
the standard techniques described by Strickland &
Parsons (1972).DON and DOP were determined after
UV oxidation in the presence of H 2 0 2 (Strickland &
Parsons 1972). Oxygen was determined using the Winkler procedure.
TA determinations were performed on acidified seawater samples using the method of Perez & Fraga
(1987). The standard error given by the authors is
t0.003 mEq 1-l. Total alkalinity data were not corrected for changes in nutrient concentration (Chisholm
& Gattuso 1991).The pH was determined at room temperature (22°C) on submicrosamples (500 p1) using
an Ingold microelectrode and Hansson's calibration
method described by Almgren et al. (1975) a s reported
in Charpy-Roubaud et al. (1996).
For chemical analyses of POM, 500 m1 of seawater
was filtered through a 25 mm diameter Whatman GF/F
filter (precombusted for 4 h at 450°C and precleaned
with 1. N HC1). POC and PON concentrati.ons were
determined after rinsing the filter with 20 m1 of HC1
(0.1 N) with a CHN analyzer (Gordon & Sutcliffe 1973).
POP was oxidized with persulfate at llO°C for 1.5 h
(Menzel & Corwin 1965), and phosphate concentrations were subsequently analyzed by spectrophotometry (Strickland & Parsons 1972).
Chlorophyll content was measured in 250 m1 seawater samples filtered through a GF/F filter. Pressure
heads during fractionation never exceeded 0.004 atm.
Fluorescence was measured before and after acidification with 50 p1 of 1 N HCl (Yentsch & Menzel 1963).
The fluorometer was previously calibrated using Sigma chl a standard.
For ATP analysis, 250 to 500 m1 of seawater was
filtered through a Millipore 0.45 pm filter. ATP
extraction was performed immediately in 5 m1 of
boiling Tris (0.02 M, pH = 7.85); ATP extracts were
frozen at -20°C pending analysis, which occurred no
later than 15 d after sampling. ATP concentrations
were measured using the method described by
Holm-Ha.nsen & Booth (1966), wlth a LKB Luminometer and lucifenne-luciferase preparations from
Sigma (FLE 50).
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Flux calculation. Fluxes (m01 m-2 h-') from the reef
pinnacle were calculated using (Marsh & Smith 1978):
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Flux = d

with V, (m2h-') = volume transport per unit width of
reef perpendicular to the direction of water flow (V,
is the product of the current velocity and water
depth; Maragos 1978); C (mol, Eq or mg m-3) =
change in 02,TA, nutrient or POM concentration
between the upstream and downstream sides; and d
(m) = distance between upstream and downstream
sides.
The diffusion correction was applied to oxygen budgets according to the principles outlined by Odum &
Hoskin (1958). No diffusion correction was applied to
CO2 budgets.
Estimation of the community net calcification and
production. For each mole of CaC03 precipitated, TA
is lowered by 2 equivalents; the converse is true for
CaCO, dissolution (Smith & Kinsey 1978). Therefore,
colnnlunity net calcification (mg CaC03 h-') can be
calculated by:
a C a C 0 3 - -ATA
dt
dt

50

Changes in CO2 due to photosynthesis were calc.ulated
as the difference between the total CO2 change
observed and the CO2 change attributable to calcification (see Smith & Kinsey 1978).
Trapping rate (TR). Thirty-six measurements of trapping rate of particulate matter were performed in 3
transects oriented as a function of the dominant wind
(E-NE) and centered on the reference pinnacle (Fig. 2).
Sediment traps were deployed at 2, 6 and 14 m depth
at the 6 stations located 200 m from the pinnacle
(Stns L3, W3, L6, W6, L9, W9), at 2 and 6 m depth at the
6 stations located 100 m from the pinnacle (Stns L2,
W2, L5, W5, L8, W8), and at 2 m depth at the 6 stations
located 10 m from the edge of the pinnacle (Stns L1,
W1, L4, W4, L7, W7). Additionally, 4 measurements of
trapping rate were performed at the ATOLL program
reference station (Stn FA), located 2 km away from any
pinnacle (Charpy & Charpy-Roubaud 1991),at 2, 6 , 14,
and 23 m depth. The sediment traps used in this study
consisted of a 9.5 1 PVC jar with a trapping surface of
0.014 m'. The ratio of height to width of the jar was
4.9:l. No poisoning was done. The jar was mounted on
an anchored nylon rope, and supported by a subsurface float 0.5 m below the surface. Material was collected for 24 h. Water samples were also collected with
a Niskin bottle close to the sediment trap at the beginning of the experiment. Seston was resuspended by
magnetic stirring (Charpy & Charpy-Roubaud 1991)
and split into 4 aliquots of 500 m1 for duplicate analysis

Fig. 2. Map of sediment trap transects centered on the pinnacle

of POC and PON and 2 aliquots of 200 m1 for pigment
concentrations analysis.
The trapping rate (mg POM m-2 d-l) was calculated
using:

where CT = POM concentration in the trap (mg m-3);
C,l = POM concentration in the water close to the sediment trap; V = trap volunle (m3);d t = time interval ; S =
surface area of the trap that is able to collect material
(m2).
Terms relevant to coral reef productivity. We use
the terms relevant to coral reef productivity presented
and discussed by Kinsey (1983, 1985), Hatcher (1990)
and Crossland et al. (1991): community gross primary
production (P,), an estimate of carbon fixation by all
photosynthetic organisms in the reef; community respiration (R), an estimate of carbon release by decomposition and respiration processes within the community; excess production (E), an estimate of the net
comnlunity production of organic matter over a 24 h
period. Averages are given with the standard error.

RESULTS
The average current speed above the reef pinnacle
was 6.2 5 0.3 m S-' (n = 30).

Community production and net calcification
Changes in oxygen concentration between the
windward and leeward parts of the patch reef varied
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Fig. 3. Net oxygen production flux for the reference pinnacle.
( @ ) Average * SD for times with more than one value

Fig. 4 Net TA changes for the reference pinnacle. (m) Average * SD for times with more than one value

between 0 and 14%. The net oxygen production
(Fig. 3) varied between -53 and +31 mm01 O2 mU2h-'
and was significantly different during the day than
during the night (F-ratio = 23.1, p = 0.0001). The avera g e nighttime respiration rate was -15
5 (n = 9)
mm01 O2 m-2 h-' and the average net oxygen production measured during the day was + l 4 & 3 (n = 11)
mm01 O2 m-2 h-' (Table 1). The net daily oxygen productionwas ( + l 4 X 12) + (-15x 12) = - 1 0 m m o 1 0 2 m - 2
d-' and the gross daily O2 production was 350 mm01
O2 m-2 d-l.
Changes in TA between the windward and leeward
parts of the patch reef varied between 0.1 and 3 %. Net
TA changes varied between -200 and +200 mEq m-2
h-' (Fig. 4) and was significantly different dunng the
day than during the night (F-ratio = 14.6, p = 0,002).
Using E q . (2), we calculated a calcification rate of
+0.59 g CaCOl m-2 h-' during daylight and a carbonate dissolution rate of -3.64 g C a C 0 3 m-2 h-' during
the night (Table 1 ) .Over a full 24 h period, the top surface layer of the pinnacle showed a net carbonate dis-

solution rate of (+0.59 X 12) + (-3.64 X 12) = -37 g
C a C 0 3 m-2 d-'.
The net production calculated according to Smith &
Kinsey (1978) was +4 mm01 CO2 m-2 h-' during the
daylight and -26 mm01 CO2 m-2 h-' during the night.
Over a 24 h period, the excess production (E)was (+4 X
12) + (-26 X 12) = -260 mm01 CO2 m-2 d-' and the
community gross photosynthesis (P,) was 370 mm01
CO2 m-2 d-' equivalent to -3.2 and 4.4 g C m-2 d-'.

*

Table 1. Average (*SE) net O2production (mmol m-2h-'), DIC
changes (mmol m-' h-') and total alkalinity (TA) changes
(mEq m-2 h - ' ) between the windward and leeward sides of
the reference pinnacle. n: number of samples
DIC

TA

n=9

-63 * 35
n=9

-73 + 40
n =9

+14*3
n = l1

+l0 9
n=9

0 2

Night
17:00 to 05.00 h

Dayliqht
05.00 to 17.00 h

-15

*5

*

+l2

n

* 11
=

9

Nutrient budgets
Mean nutrient concentrations observed around the
reference pinnacle and nutrient budgets between the
windward and leeward parts of the pinnacle are summarized in Table 2. NO3 and NO, concentrations were
significantly higher leeward than windward (p = 0.001
and 0.008), and NH4 concentration was significantly
lower leeward than windward ( p = 0.026). Since all pvalues of the F-tests were greater than 0.05, there was
no statistically significant difference between the
mean net nutrient fluxes from one level of time to
another at the 95 % confidence level. Therefore, we
averaged these fluxes. NO2 and NO3 fluxes were positive, other nutrient fluxes were negative or close to
zero (PO4).

POM budgets
POM concentration on the windward side of the
patch reef was significantly correlated with POM concentration.~at the leeward part (R = 0.75, p = 0.0003
for POC; R = 0.96, p = 0.0000 for PON; and R = 0.69,
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Table 2. Average (*SE) nutrient concentrations [pM) on the windward [WW) and leeward (LW) sides of the reference pinnacle.
ANOVA results for nutnent budgets by time and average net nutrient fluxes [mmol m-* h-') between WW and LW. n: number of
samples

W

LW
F-rat10

P
Flux
n

p04

No2

0.10 i 0.01
0.11 i 0.02
1.69
0.15
+O.OO 0.03
29

0.01 0.00
0.02 0.00
2.26
0.06
t0.02 L 0.00
30

*

*
*

No3

NH4

SiO'

DON

DOP

0.02 i 0.00
0.04 i 0.01
0.84
0.61
+0.09 i 0.02
30

0.48 + 0.04
0.38 + 0.03
0.39
0.95
-0.79 0.16
29

0.74 + 0.08
0.74 0.08
1.82
0.13
-0.6 0.2
29

0.83 k 0.12
0.95 i 0.16
0.87
0.59
-1.4 i 0.6
29

0.24 i 0.03
0.24 i 0.03
1.03
0.46
-0.14 0.06
29

*

*

*

Table 3 Average (*SE) POM concentrations (mg m-3) on the windward (WW) and leeward (LW) sides of the reference pinnacle.
ANOVA results for particulate organic matter net fluxes by time and average POM net fluxes (mg m-' h-') between WW and LW.
n: number of samples

I

POP

POC

PON

Chl a

Pha

ATP

I

P
Flux

p = 0.0010 for POP). POM concentration on the windward side of the patch reef was not significantly different from the POM concentration at the leeward
side except for the POP concentration, which was significantly higher at the windward than at the leeward
side (p = 0.024). POP, POC, PON, chl a, Pha and ATP
budgets varied between -4.1 and +0.6, -115 and
+142, -15 and +22, -0.8 and +1.8, -1.2 and +1.0, and
-0.3 and +0.4 mg m-2 h-', respectively (Table 3).
Since all the p-values of the F-tests were greater than
0.05, there was no statistically significant difference
between the mean net POM fluxes from one level of
time to another at the 95% confidence level. Therefore, we calculated the average of these budgets
using all data (Table 3). POC, PON and POP fluxes
were negative and chlorophyll, phaeophytin and ATP
fluxes were positive.

Sedimentation rates
The results of the 44 measurements of particulate
matter (PM) trapping rate are shown in Fig. 5. Since all
the p-values of the F-tests were greater than 0.05
(Table 4), there was no statistically significant difference between the mean net PM sedimentation rates
from one level of distance from the pinnacle to another
at the 95 % confidence level. Average (* SE) sedimentation rates were 0.52 * 0.04 mg chl a m-2 d-l, 0.02
0.11 mg Pha m-' d-l, 155 + 11 mg POC m-' d-l, 26 k

*

2 mg PON m-' d-', 5.8 2 0.3 mg POP m-' d-l, 819 *
51 mg POM m-' d-', and 6120 400 mg PM m-2 d-l.
The average C:N, C:P and N:P ratios were 6.1 k 0.2,
30.2 2 2.5 and 5.1 k 0.4, respectively. POC represented
on average 20 2 % of the POM, and POM represented
14 * 1% of the suspended matter. The sedimentation
rate increased with depth at stations located far from
the pinnacle. There was no evidence of a significant
influence of the pinnacle on sedimentation rate during
the period of study.

*

DISCUSSION
Community net calcification
We have to take into account the small size of the
patch reef (70 m). Indeed, TA changes between the
windward and the leeward side of the patch reef were
very small, typically less than 1 %. Barnes (1983) and
Barnes & Lazar (1993) consider that, even with a high
rate of community calcification, the change in TA over
a short distance (150 m) is likely to remain within the
errors associated with the technique. However, the
level of calcification during daylight was largely lower
than the high carbonate dissolution during the night.
This may reflect the low proportion of living coral on
the lagoonal pinnacles. Therefore, the carbonate budget of the natural community of the pinnacle seems to
be unbalanced on short time scales (15 d). In the same
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Fig 5 Average (+SE) of sedimentation rates (mg m-' d-l) of
plgments (chlorophyll + phaeophytin), POC, PON, POP, POM
and particulate matter (PM) at 9 stations located leeward
(Stns L1 to L9) and windward (Stns W1 to W9) of the reference
pinnacle ( V ) and at the Tikehau lagoonal reference statlon
(Stn FA)

patch reef, Peyrot-Clausade et al. (1995a),using experimental coral substrates laid for 6 mo, estimated a rate
of internal bioerosion by macroborers of -0.7 + 1.4 g

C a C 0 3 m-' d-l. After a 2 yr exposure period, the rates
of internal and external erosion were -0.4 + 0.7 a n d
-2.4 + 1.2 g C a C 0 3 m-2 d-l, respectively (Pan et al.
1998). After a 5 yr exposure period, the rates of internal
a n d external erosion of the experimental substrates
increased significantly, reaching, respectively, -1.4 +
0.4 and -24.8 & 16.6 g C a C 0 3 m-' d-' (Pari 1998).The
increase in internal bioerosion was d u e to the action of
clionid sponges. In the absence of sea urchins, scartds
were probably responsible for the external bioerosion
(Pari et al. 1998).
The net calcification observed for the Tikehau
lagoon pinnacle is very low compared with other published values for Polynesian reef systems (Table 5 ) .
However, most of the studies were carried out on barrier reefs, e.g. the barrier reef of Tiahura at Moorea
Island, where water motion conditions are very different from the lagoonal conditions in Tikehau. However,
even within the same site, there is a wide range of vanation for community structure, partly d u e to uncertainties related to the standing water technique used by
some authors (see Gattuso et al. 1.993 for discussion),
but also there is some evidence of large seasonal
changes in community metabolism (Payri 1987). In the
Great Barrier Reef, Sammarco & Risk (1990) found that
~ n t e r n a lbioerosion decreased significantly with distance offshore, across the continental shelf. Later, in
the same area, Risk et al. (1995) confirmed that bioerosion would be higher in inner- a n d mid-shelf areas
than on the outer shelf. These authors consider that the
low level of bioerosion on t h e outer shelf versus in the
inner- a n d mid-shelf areas may be partially d u e to
lower levels of productivity a n d lower concentrations
of terrestrially derived organic matter. However, there
is no terrestrial effect on atoll lagoons.
The high temperature of lagoonal waters in January
(>30°C) could be responsible for the high level of carbonate dissolution observed on the coral reef pinnacle.
Indeed, high bioerosion rates were also observed after
an El Nilio warming event in the east Pacific Reefs
(-27 g CaCO:, m-2 d-l; Scott et al. 1988), in the Galapagos Islands (-70 k 7 g C a C 0 3 m-2 d-'; Reaka-Kudla et
al. 1996) and at Uva Island, Panama (-13 to -37 g
CaCO, m-2 d-l; Eakin 1996).

Table 4 . ANOVA results for particulate matter (PM) sedimentation rate (SR) by distance to the pinnacle and average (+ SE) SR
(mg m-2 d-l). n: number of samples
l

POP

POC

PON

Chl a

Pha

POM

PM

Charpy et al.: Coral reef pinnacle excess production

Community primary production
There is a large discrepancy between the estimations of patch reef excess production by the Oz and
C 0 2 methods. The greater resolution associated with
the 0; technique is probably more adapted for such
small reef systems. Assuming that PQ (photosynthetic
quotient) = RQ (respiratory quotient) = 1, the estimates
of Pq and E calculated with the O2 technique are 4.2
and -0.12 g C n ~ d-l ,~respectively. Comnlunity gross
production is low compared with the 'standard' range
for reef flats (7 Â 1 g C n1r2 d") given by Kinsey (1985)
and other published values for Polynesian reef systems
(Table 5). However, the environmental conditions of
coral reefs in atoll lagoons are very different from conditions of exposed reefs. A possible limitation of patch
reef communities by phosphorus can be expected.
Indeed, in Tikehau, Charpy-Roubaud et al. (1990)
demonstrated that phosphate concentration was significantly lower in the lagoon of Tikehau than in surrounding oceanic waters. Additionally, the lagoonal
water motion is very low compared to exposed reef
conditions and the water temperature is significantly
higher in the lagoon than in surrounding oceanic wateiduring the austral summer (Charpy 1985).

Nutrient and POM export and import from the
pinnacle
Nutrient concentrations in the water column were
very low. Nutrient fluxes from pinnacles calculated
from the upstream-downstream difference were close
to zero, However, significant uptake of NH4 and S O 2 ,
presumably by benthic algae covering dead corals,
was measured. Pinnacles exported on average 2 mmol
NO3 m 2 d", probably due to the presence of nitrifying
organisms within the pinnacle. Indeed, high concentrations of N o 3 in patch reef cavities have been
reported by Andrews & Muller (1983). Nitrogen fixation could explain part of this N o 3 export. Indeed, the
average nitrogen fixation by limestone surface communities of the reference pinnacle was estimated to be
0.09 mmol N2 m-2 d-' (Charpy-Roubaud et al. 1997),
which represents 9 % of the nitrate export. Authors'
unpublished data obtained in 4 other patch reefs confirm the export of N o 3 and the uptake of NH., observed
on the reference patch reef.
The variability of the POM concentrations appears
more related to the time of sampling than to the location of the station. However, most POM fluxes were
negative, indicating an uptake of organic matter
(Table 3). The chlorophyllian particles exported from
the patch reef are probably reef epiphytes. Most of the
organic matter produced by pinnacle communities is
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consumed by benthic animals or trapped inside the
reef structure. For this reason, the sedimentation rate
of POM was not significantly higher close to the pinnacle than far away. The averages of POM concentration
and sedimentation rate measured close to and far from
the pinnacle were only half as high as the values given
by Charpy & Charpy-Roubaud (1991) for Stn FA in
1986-1987. However, even at the same station, the
range of the sedimentation rate measured on 14 occasions was very large (0.1 to 1 . 0 g C m-2 d-l).

CONCLUSION

Heterotrophic processes dominated autotrophic processes at the time of measurement. The influence of
coral reef pinnacles on lagoonal water is very low during normal conditions because a large part of the
organic matter trapped by the patch reef is respired to
sustain the heterotrophic system. However, during
storm events, a part of the organic matter of the patch
reef would be exported to overlying water and would
enrich surrounding sedlments.
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