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ABSTRACT In order to estimate the losses of CaCO3 from bioerosion (grazing and boring),
experimental coral substrates were laid in the lagoons of high islands and atolls
in French Polynesia. After six months of exposure, the sites could be divided into
those exhibiting net bioerosion and those exhibiting net accretion. Of the five
sites exhibiting net bioerosion (grazing and macroboring greater than accretion),
three were located off high islands and two in atoll lagoons. The average net rate
of bioerosion was greatest at Faaa in Papeete Bay, Tahiti (10.45 kg.m™2.yr 1), Of
the two sites exhibiting net accretion, the greatest rate of gain (0.81 kg.m2.yr )
was recorded at the eastern site in Takapoto lagoon. Recorded differences in the
composition and distribution of macroborers, microborers and the algal turf
appeared to be related to the presence or absence of grazing sea urchins (Echino-
metra mathaei). It is suggested that the high densities of algal turf recorded at
Faaa are a result of elevated nutrients at this site, originating in the sewage

discharge from nearby residential and industrial sites.

RESUME Bioérosion et bioaccrétion sur substrat expérimental : six premiers

mois d’exposition (Polynésie Francaise).

Des modeéles expérimentaux constitués de blocs de Porites sain ont ét€ mis en
place sur différents sites de la Polynésie francaise (dans des lagons d’iles hautes et
d’atolls). On a pu estimer la quantité de CaCO;3 enlevé au substrat par les orga-
nismes brouteurs et les organismes macroperforants récoltés aprés six mois
d’exposition. Dans cinq des sept sites, la bioérosion est supérieure a I’accrétion et
la bioérosion maximale (10,45 kg.m 2.an™!) se trouve sur le site de Faaa
(port de Papeete). Le plus grand taux d’accrétion a été obtenu & Takapoto
(0,81 kg.m2.an™!). Des différences dans la composition et la distribution des
microperforants, des macroperforants ont été mises en évidence, en relation avec la
présence ou I’absence du broutage par les oursins Echinometra mathaei. Cette
étude suggere que le développement important du feutrage algal & Faaa et 1’érosion
active provenant du broutage sont liés aux apports de nutriments dans ce secteur.

Oceanologica Acta, 1995,18, 5,531-541.
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INTRODUCTION

Although it is one of the major processes affecting the
structure of coral reefs (Hutchings, 1986), only limited
information is available on the rates and agents of bioero-
sion (which consists of both external erosion by grazing
and internal erosion by boring). Experimental studies have
been carried out within one reefal system on the Great Bar-
rier Reef, Australia, at Lizard Island (Hutchings et al.,
1992; Kiene and Hutchings 1994 a, b), at One Tree Island
(Kiene, 1985, 1988) and at Britomart Reef (Sammarco
et al., 1987); in French Polynesia at Moorea, (Peyrot-Clau-
sade et al., 1995; Chazottes et al., 1995); and in La
Réunion (Chazottes, 1994). But to date no studies have
been undertaken to compare rates and agents of bioerosion
on different reefs within the same geographical arca. In the
present study, this gap was filled by selecting two high
islands and two atolls within the single area of French
Polynesia. The data obtained may be important for develo-
ping management plans for such areas, which need to take
account of information on rates of growth as well as of
destruction in order to predict the long term viability of the
reefs in question.

For the experiments in French Polynesia, recently killed
colonies of Porites were cut into regular-sized blocks.
Similar experimental substrates were used by Kiene
(1988), Hutchings et al. (1992), Pari et al. (1993), Kiene
and Hutchings (1994 a, b), Chazottes (1994), Peyrot-Clau-
sade et al. (1995) and Chazottes et al. (1995). Use of these
substrates makes it possible to know the exact age of the
internal bioeroding communities, whercas in natural sub-
strates in situ total bioerosion and changes in the internal
structure of bioeroding communities occur over various
periods of time.

This paper presents the initial results (six months of expo-
sure, from November 1990 to April 1991) of a long-term
series of experiments which began in November 1990.

MATERIAL AND METHODS

Experimental substrates

Experimental substrates (blocks cut from living Porites
colonies) were attached to large heads of dead colonies
(Peyrot-Clausade et al., 1995, Fig. 1), the upper surface of
which had been eroded to form a flattened horizontal surfa-
ce. The experimental substrates took the form of regular-
sized (8 x 4 x 4 ¢cm) blocks cut with a band saw; each
block was measured after soaking in sodium hypochlorite,
rinsed and dried in sun to constant weight after soaking in
fresh water for several days to remove salt and any pos-
sible organic material. This assumes that all the organic
matrix is destroyed. Representative pieces of each coral
colony used were retained and the porosity of each colony
was determined using the techniques employed by Guillau-
me (1984). The density of each colony could then be esti-
mated from the porosity and the known density of aragoni-

te (Guillaume, 1988), and thus the density of the blocks cut
from each coral colony was determined. The blocks were
laid on one large colony of dead Porites per site in a
known order and fixed with aqua cement to the coral sub-
strate in such a way that only one surface of the block was
attached. At each site, 20 blocks were cemented for remo-
val after exposure periods of 6 months, 2, 5 and 10 years
with five replicates being collected after each exposure
period. From the top surface of each block a stainless steel
bolt and washer were screwed into the coral substrate to
provide a reference point for determining the original
height of the block, thus allowing an estimation of the net
losses and gains due to grazing and accretion to be made.
The stainless steel washer and bolt were removed after the
blocks had been collected following exposure.

In this preliminary study, no attempt was made to investi-
gate variations in rates and agents of biocrosion (both by
boring and grazing) within a reef, but it should be noted
that in the atolls two pinnacles were sclected on each
lagoon.

Study sites

Seven sites were sclected, three on the fringing reefs of
high islands (Tahiti (2) and Moorea (1)) and four on
lagoon pinnacles in the lagoons of two atolls (Takapoto
and Tikchau) in French Polynesia (Fig. 1). All sites were
located in water depths of 1-2 m.

In Tahiti (17° 40° S and 149° 30° W), one of the sites,
Faaa, was in Papeete harbour at the mouth of the Tiparui
River, which carrics large quantities of terrigcnous sedi-
ments and domestic sewage during the annual rainy season
(Fraizier et al., 1985). Detailed investigations in this arca
have shown that the most serious pollution is from deter-
gents (78 mg. I"!), the concentration of which was dircctly
related to population densities. The Faaa site was located
on the fringing reef, which was severely degraded with few
live coral colonics present. The dead coral substrate was
covered with dense populations of sea urchins (Echinome-
tra mathaei) and scverely eroded. The experimental sub-
strates were attached to one of the few remaining dead
colonies of Porites. The other site in Tahiti was located at
Atimaono, on the southern part of the island, well away
from urban populations. A patch reef about 100 m offshore
and adjacent to the main navigation channel was selected,
consisting of numerous live coral colonies and a diversc
assemblage of other colonial reef organisms (Gabrié ef al.,
1986). Water quality was high in the area (Caries, 1991),
although clarity may be fairly low, especially during the
rainy scason.

On Moorea, the site selccted was on the fringing reef of the
Tiahura transcct (17° 40° S and 149° 30" W) (Fig. 1), loca-
ted about 50 m offshore and landward of the navigation
channel. The site was on a small patch reef surrounded by
numerous other patch reefs. The patch reefs all had
30-40 % live coral cover as well as other colonial reef
organisms present. For a description of these coral commu-
nities, see Bouchon (1985). Gabrié er al. (1988) have
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Figure 1

Location of sumpling sites.

investigated the water quality in this area, showing it to be
consistently high. However, a more recent study by
Wolanski ef al. (1993) has shown that with certain weather
patterns there may be a build-up of discharged nutrients in
the area.

At Takapoto, which is a closed elongated atoll at 14° 30” S
and 145° 20° W, two lagoonal pinnacles were selected, one
at the northern end in the Takai area (Tak 1), and the other
opposite the Teavatika hoa (Tak 2) (a small channel
through which exchanges of oceanic and lagoonal water
occur during storm conditions) (Fig. 1). The pinnacles,
rising from the floor of the lagoon which has a mean depth
of 23 m and a maximum depth of 60 m, had numerous live
coral colonies but represented by few species, as well as
four dominant species of deeply cmbedded bivalves (Sal-
vat and Richard, 1985). Water quality was good although
oligotrophic (Martin, unpublished data) and salinity levels
varied during the year from 35.5 to 36.1 g.I™! (Salvat and
Richard, 1985). Experimental substrates were laid on the
leeward side of both pinnacles.

At Tikehau, which is an almost circular atoll with one pass
(Harmelin-Vivien, 1985; Peyrot-Clausade, 1989) at 15° S
and 148° W, two lagoonal pinnacles were selected, one at
the northern end (Tik 1) close to a functional hoa near the
main village and the other in the centre of the lagon (Tik 2)
(Fig. 1). Maximum depth of the lagoon is 35-40 m, and
water quality was good (Charpy-Roubaud et «l., 1990).
The coral communities on the pinnacles were zoned accor-
ding to depth and exposure and were described by Faure
and Laboute (1984) and Harmelin-Vivien (1985). Experi-
mental substrates were laid on the leeward side of both
pinnacles. Unfortunately, precise data on nutrient loading
was unavailable for most of the sites.

TAHITI

140°10W

145°20'W

[14°30's

TAKAPOTO

Analytical procedures

After exposure, each block was fixed in a buffered 5 %
solution of formaldehyde in scawater. The remaining aqua
cement was easily removed from the previously attached
surface with a hammer and chisel. The volume of the block
was determined by water displacement after blocking off
the pores by thin polythene film and each block was cut in
half. One half of each block was randomly selected and
used for a quantitative analysis of the macroborers; the
other was used for studying the microborers and determi-
ning the net amounts of bioerosion (both boring and gra-
zing) and accretion which had occurred.

One half of each block was sliced into several sections
1 cm in width, one of which was used for the analysis of
the microborers; the other sections were point-counted
throughout their surface with a millimetre grid, under a
binocular microscope (Schaefer, 1970) in order to measure
the amount of substrate eroded by macroborers and the net
changes to the original surfaces of the block due to accre-
tion. The percentages of removed substrate, according to
the method of Webel et al. (1966), were processed by arc-
sine transformation and compared using the Kruskal-Wal-
lis test (heteroscedasticity). The change in the original
volume of the block (i.e. the sum of the losses due to inter-
nal boring together with losses of the surface area as a
result of grazing or boring or a combination of both pro-
cesses) was converted, using the density of the blocks, to
net changes in weight during the exposure period. These
figures were themselves converted to net rates of change of
calcium carbonate (kg.m2.yr™!) and apportioned to the
various processes. An experimental mesure of calcareous
algal density (from volume and CaCOj; weight) allowed us
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to estimate it at 501 g.cm™ (i.e. grazing, boring and accre-
tion).

The slice used to determine the composition and density of
the microborers was then cut into a number of squares
measuring 1 cm? in surface and 1 cm in depth. The number
of cubes which needed to be examined in order to give a
reliable estimate (95 % confidence limits) of the algal bio-
mass present was determined by taking the five sample
blocks from Moorea, selecting six cubes from each block
and determining the algal biomass of each cube. A one-
way analysis of variance (random model) was then perfor-
med on the results and the residual variance (0?) was found
to equal 0.012; 024 equalled 0.0124, n = 4 for the number
of cubes per block and p = 3 blocks per site for a relative
error of 20 % of the mean (Bliss, 1967; Sachs, 1982).
Therefore these sample sizes were used and four cubes
were selected at random from the slice used for determi-
ning the algal biomass of both epilithic and endolithic
flora, which was estimated as decalcified dry mass per unit
area. Four 1 cm? samples were decalcified from each block
by the method described below and the material collected
on filter paper, rinsed with deionized water and dried to
constant mass at 60 °C. The remaining material is only
algal. The other cubes were used to study the composition
of the microborer community by light microscopy after
substrate dissolution by Perenyi’s solution (3 vol. of 0.05
% chromic acid, 4 vol. of 10 % nitric acid, 3 vol. of 90 %
alcohol); samples had been previously fixed in a buffered 5
% solution of formaldehyde in sea water.

For the study of the macroborers, the other half of each
block was plunged in an acid solution of formalin and
hydrochloric acid (for details see Hutchings and Weate,
1978) to dissolve the calcium carbonate and facilitate the
removal of all the macroborers (Hutchings, 1981). Poly-
chaetes, sipunculans and vermetid molluscs were counted,
identified and wet-weighed. The average numbers of
borers present at each site were calculated and these were
converted to numbers per dm? using the volume of the
blocks after exposure.

The number of Echinometra mathaei present at each site,
except for Takapoto where the data of Bak (1990) were

Table 1

used, were estimated from counts of individuals in 20 ran-
dom quadrats of 50 cm?.

As two blocks had come unstuck at the Atimaono site, all
the statistical tests were realized with three blocks taken at
random.

A number of one-way analyses of variance were carried
out to determine the effects of site on net changes in
weight of the blocks and density of macroborers. Fried-
man’s test was then used to compare the amount of borings
recorded from all sections of each block to assess the
within block and within-site variations (Dagnelie, 1975).

A two-way analysis of variance (nested mixed model) was
performed to investigate the relationship between the biomass
of algae present within and between sites. Two a posteriori
tests were used to determine which of these means were signi-
ficantly different (Student-Newman-Keuls test; Zar, 1984) or
more simply the greatest. (Gupta test, in Dagnelie, 1975).

In order to determine which factors were most important in
the processes of bioerosion and accretion, a multilinear
regression stepwise analysis on log transformed data was
undertaken. Factors considered were biomass of algae (epili-
thic and endolithic), rates of gain or loss of substrate as a
result of grazing and or accretion, rates of internal bioerosion
(i.e. boring) and densities of grazing fish, Echinometra and
macroborers. Subsequently a cluster analysis using the Ward
method (Euclidean distance on standardized data, Saporta,
1978) was carried out. The results of the Ward method were
confirmed by centroid clustering (Roux, 1985). As no data
for grazing by herbivorous fishes at Tak 2 were available,
this site was not included in the analyses. For all the analyses
the computer package used was STAT-ITCF (1991).

RESULTS
Estimates of rates of grazing and accretion

The net rates of grazing and accretion varied between sites.
At three sites, grazing processes dominated (Tab. 1):
at Faaa, grazing rates were estimated at 10.38 + 8.73 (mean
+ standard deviation) kg.m~2.yr~!; at Atimaono,

Net rates of grazing, accretion and mucroboring together with total net rates of erosion/accretion for each site (mean x standard deviation given).

Net rates of

Net rates of

Net rates of Total net rates

grazing accretion internal of erosion by grazing
kg. m2, yr! kg, m~2, yr-1 bioerosion by and macroborer/

macroborers accretion

kg. m2, yr-1 kg. m2, yr!
Moorea 0.14+0.38 0.18+0.13 ~0.04
Faaa 10.38+8.73 0.07+0.02 -10.45
Atimaono 1.20+£1.36 0.02+0.02 -1.22
Tikehau 1 0.55+0.76 0.03+0.04 0.52
Tikehau 2 0.06 +1.25 0.26 +0.51 -0.20
Takapoto | 0.94+0.29 0.1320.24 0.81
Takapoto 2 0.30+0.73 0.08+0.14 -0.38
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Table 2

A one-way analysis of variance (fixed model) of the variation between sites in net changes in weight (as a result of net accretion and grazing) of
the blocks together with Gupta test results (o = 0.05). The mean value at the Faaa site is higher than at other sites.

Source Sum Degrees Mean Obs F P
of variation of square of freedom square
Sites 6643.18 6 110.72 33.79 <0.001
Residual 458. 65 14 32.76
(Tak 1) (Tik 1) (Tik 2) (Moor) (Tak 2) (Ati) (Faaa)
Mean value -4.15 -3.89 0.16 0.88 1.43 9.17 49.7

1.2+ 136 kgm2yr; and at Tak 2,0.3 +0.73 kg.m™2.yr 1.
At the other sites, accretional processes dominated. The net
rates of accretion were estimated at 0.14 + 0.38 kg.m2.yr"!
for Moorea; 0.55 + 0.76 and 0.06 + 1.25 kg.m2.yr! for the
two sites at Tikehau; and 0.94 + 0.29 kg.m™2.yr™! for Tak 1.

A one-way analysis of variance revealed a significant dif-
ference (P < 0.001) between the net rates of grazing and
accretion on the experimental substrates at the various sites
after six months of exposure. Application of the Gupta test
(Tab. 2) to these results showed the values at the Faaa site
to be significantly higher than at other sites: this was cau-
sed by extensive erosion (i.e. grazing) and about 17 % of
the original weight of the block was lost. The greatest
amount of net accretion occurred at Tak 1, where the
blocks gained about 2.42 % of their original weight during
these first six months of exposure,

Estimates of rates of boring by macrofauna

Estimated rates of loss of CaCO; by the boring activities of
macrofaunal animals were highest at Moorea and lowest at
Tik 1 and Atimaono (Tab. 3).

In order to investigate the potential variation in the
amounts of macroboring in different sections of the same
block, the rates of internal bioerosion estimated from slices
of each block were subjected to the Kruskal-Wallis test and
were found to be not significantly different (P > 0.05). An

Table 3

estimate of the potential variation within sections of repli-
cate blocks at a given site was determined using the Fried-
man test on the percentages of borings; and no significant
differences (P > 0.05) were found to occur between sec-
tions of blocks at the same site.

Composition of the infaunal macroborer communities

The macroborer community (Tab. 4) was dominated by
polychaetes. A one-way analysis of variance revealed a
significant difference (P < 0.001) in the densities of macro-
borers present at the different sites (Tab. 5). The Gupta test
indicated that the density of the macroborer community at
Moorea was greater (403.05 individuals.dm™3) than at the
other six sites (Tab. 4 and 5). The community at Moorea
also differs in composition from the other sites and was
dominated by representatives of the subfamily Fabricinae
(family Sabellidae) and Dodecaceria sp. (family Cirratuli-
dae) together with sipunculans. The site with the lowest
density of macroborers was Tak 2 with a density of
17.53 ind.dm™. Sipunculans and vermetids were poorly
represented at all sites after six months of exposure. The
sipunculans present in the samples were all located around
the bolt and washer. No evidence of boring sponges was
found, either in the dissolved substrate or in the sections
point-counted for estimating the amount of boring.

Parameters analysed at each site (mean £ standard deviation) (NA= not available).

Total algal Net rates of Net rates of Average density Average density
biomass grazing / accretion internal of herbiv. fishes of Echinometra
mg.cm2 kg. m2, yrl bioerosion per 100 m? mathaei

by macroborers per m?
kg. m2, yr!

Moorea 6.7+1.29 0.14+0.38 0.18+0.13 61 2.5+1.5
Faaa 3.4x1.24 -10.38+8.73 0.07£0.02 177 30.5+17.0
Atimaono 5.7+2.63 -1.20+1.36 0.02+0.02 53 2.5+3.2
Tikehau 1 6.7+1.58 0.55+0.76 0.03+0.04 29 0

Tikehau 2 7.0+£3.35 0.06+1.25 0.26+0.51 37 0

Takapoto 1 3.4£1.23 0.94+£0.29 0.13+0.24 18 0
Takapoto 2 5.4+3.04 -0.30+0.73 0.08+0.14 NA 0
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Table 4

Mean density and standard deviation of macroborers at each site.

Moorea Faaa Atimaono Tikehau 1 Tikehau 2 Takapoto 1 Takapoto 2
Dodecaceria sp. 20.80 £ 9.80 20173 1.75+£3.50 220+3.83 0.60 £ 0.55 020045
Eunice spp. 0.40 £ 0.540 0.60+1.34 0.80+£0.83 0.60 +0.89
Fabricinae 55802532 5.00+557 16.0+19.89 540320 280294 1440 + 1643 0.80£0.83
Hypsicomus spp 050+1.0 040£0.55 020 £0.45 020+ 045
Nematonereis spp 0.80+1.09 10+£081 020+£045 0.80+130 0.60 £0.55
Polydora spp 220+£3.83 0.33+0.58 0.75+1.50 040055 0.60 +1.34 040055
Schistomeringos sp 020+045 0.75+0.96 040 £0.55 1.80 £2.05 0.60+1.34
Total polychaetes 8040 +31.02 7.33+£6.03 20.75 £ 16.29 880+£7.79 420x3.11 18.80 + 16.30 340+£240
Sipunculans 280+259 204270 0.20£045 040+ 0.55 0.80+1.30
Vermetids 020+045 0.75+£0.96 0201045 0.60 +0.89 0.80£045 020045
Mean numbers of
borers per block 8340 +31.05 7.33+£603 23521701 920+ 8.04 520+3.34 2040 £ 16.16 360+2.70
Mean density
of borers per dm? 403.0 + 152.50 48.73+39.74 119.52+£91.10 4498 £ 36.55 2798 +16.35 10641 + 85.80 1753 +1344

Microborer communities and algal turf

Composition of the microborer communities

The surfaces of the blocks were covered by algal commu-
nities frequently referred to as algal turf. A preliminary
study revealed a difference in the composition of algal turf
between sites. At Faaa, where the highest losses attribu-
table to grazing occurred, endolithic cyanobacteria (Masti-
gocoleus testarum, Plectonema terebrans) characterized
the site. Epilithic algae (non crustose taxa) were sparse and
the total algal biomass was estimated at 3.4 mg.cm™ at this
site. At Tak 1, the algal communities were dominated by
epilithic communities and this was the site of maximum
accretion. The maximum biomass of algae occurred at
Tik 2 and was dominated by coralline and epilithic algae.
At all the other sites, epilithic algae were abundant and the
microborer community was dominated by cyanobacteria.

The amounts of algal biomass present at each site (Tab. 6)
were compared involving a two-way analysis of variance,
involving a nested mixed model, on log-transformed data.
This showed that the mean levels of algal biomass present
at the various sites were significantly different (Tab. 6,
P =0.012). The Gupta test (Tab. 6) showed that the sites at
Faaa and Tak 1 (characterized by lower mean levels of
organic material of algae) were significantly different from

Table 5

the other five sites. An SNK test on the same data showed
that only the Faaa site was significantly different from the
other six sites (Tab. 6).

Agents of grazing

The major agents of grazing of coral substrates occurring
in the region are selected fish of the families Acanthuridae
and Scaridae, echinoids and some species of gastropods.
While no density data of herbivorous fishes were collected
during the period of the experiment, some data are avai-
lable from the literature. The density of herbivorous fishes
which are common grazers has been calculated by Harme-
lin-Vivien at Faaa (published in Ricard ef al., 1985), at
Tikehau by Harmelin-Vivien (1984, 1990), at Takapoto by
Bouchon-Navaro (1977), and by Harmelin-Vivien and Gal-
zin (pers. comm.) at Moorea and Atimaono.

The densities of the echinoid Echinometra mathaei have
been determined by Bak (1990) at Takapoto and by
Peyrot-Clausade (unpubl. data) on the fringing reef of
Moorea, Faaa, Atimaono and Tikehau at the commen-
cement of this study in November 1990 (Tab. 3). This
urchin species does not wander too far while grazing (Kha-
mala, 1971) so we may assume the algal turf on blocks to
be well grazed by surrounding Echinometra mathaei.

One-way analysis of variance (fixed model) of the variation in the density of macroborers between sites, together with Gupta test results
(o = 0.05). (The density of macroborers is calculated as numbers per dm’, ) The mean value at Moorea site is greater than at the other sites.

Source Sum Degrees Mean Obs F P
of variation of square of freedom square
Sites 230143 6 383572 3732 <0.001
Residual 14389 14 102.78

(Tak 2) (Tik 2) (Tik D (Faaa) (Tak 1) (Ati) (Moor)
Mean value 17.5 28 45 487 106.4 119.5 403
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Figure 2

Dendrogram of cluster analysis results using the Ward method.
Sites : 1 = Moorea ; 2 = Faaa ; 3 = Atimaona ; 4 = Tikehau 1 ;
5 = Tikehau 2 ; 6 = Tukapoto 1.

Densities of herbivorous gastropods have been determined
at Moorea and Tikehau in 1988 (Peyrot-Clausade, unpubl.
data) and found to vary from eight individuals per 10 dm?
in the rubble on the fringing reef to 13 on the barrier reef at
Moorea. On the inner flat of Tikehau lagoon, densities
were much lower, with about two per 10 dm? and 15 per
10 dm? on the pinnacle at site Tik 2. Assuming that similar
densities prevailed during the exposure period, the distri-
bution of herbivorous molluscs appears to be inversely cor-
related with the levels of net accretion recorded at these
particular sites. However, as data on gastropod densities
were only available for three sites, they were not included
in the following analysis.

Factors which may contribute to the variations
in grazing and accretion recorded between sites

Studies by Peyrot-Clausade et al. (1992) at Moorea, and
Kiene and Hutchings (1994 a, b) on the Great Barrier Reef

have shown the importance of echinoids and herbivorous
fishes in grazing of dead coral substrates. In order to assess
the importance of the density of echinoids and herbivorous
fish as well as other factors listed in Table 3 on the net
rates of accretion and grazing on the experimental sub-
strates, a multilinear stepwise regression was carried out.
The results indicated that a single variable, the density of
Echinometra mathaei, accounted for 98.60 % of the net
rates of accretion or grazing which occurred on the blocks
during the initial six months of exposure. These data were
then subjected to a cluster analysis using the Ward method
(Euclidean distance on standardized data) (Saporta, 1978),
which produced three groups of sites. The three groups
comprised: (1) Faaa; (2) Moorea and Tik 2; and (3) Ati-
maono, Tik 1 and Tak 1 (Fig. 2). The results were confir-
med by centroid clustering (Roux, 1985). An analysis of
the factors contributing to these groupings revealed that for
group 1 (Faaa), the density of grazing organisms was the
most important factor. For group 2 (Moorea and Tik 2),
similar rates of internal bioerosion, and for group 3 (Ati-
maono, Tik 1 and Tak 1), low rates of internal bioerosion
by macroborers and grazing were the main factors (Tab. 3).

Although one would have expected the number of borers to
be related to rates of internal erosion calculated from the
point-counts of thin sections, this was not always apparent
(Tab. 3). For example, although Moorea had the highest
density of macroborers it had only the second highest net
rate of internal bioerosion. The highest net rate of internal
bioerosion was recorded at Tik 2, which had one of the
lowest densities of macroborers. The reasons for this are
not entirely clear, but many of the borers present in the dis-
solved part of the samples were small (1-2 mm in length)
and it is possible that their burrows frequently penetrate the
pores of the corallites, thus reducing the number of bur-
rows distinguished from pores by point-counting. In addi-
tion, some of the thicroborers may have reproduced during
the exposure period and then died but leaving their vacated
burrows (Hutchings et al., 1992).

DISCUSSION

The highest net rate of bioerosion (from both grazing and
boring) which occurred during the first six months of expo-
sure was a consequence of external bioerosion by grazers.
Various organisms are known to graze on dead coral sub-
strates, including echinoids, various species of fish and
gastropods (Hutchings, 1986; Harmelin-Vivien et al.,
1992; Bruggemann, 1995). The site at Faaa exhibited both
the highest density of Echinometra (30.5 £ 17.0 m™2) and
the largest population of herbivorous fishes (177.100 m™2)
present at any of the sites. We suggest that this large num-
ber of grazers was responsible for the high rates of CaCOj;
m~2.yr™! loss recorded at this site, where, unfortunately, no
data are available on the density of herbivorous gastropods.
At this stage, we cannot apportion the grazing losses to
particular groups of grazing organisms. The other two sites
which recorded net losses were Atimaono and Tak 2. At
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Table 6

A two-way analysis of variance (nested mixed model) to test the variation in the amount of algal biomass present within and between sites. Sites
(factor A) were fixed, blocks (factor B-random) were nested within factor A, n = number of measures per block, p = number of blocks per site,
q = number of sites. The data were transformed using log g to stabilize variances. Cochrans Test value is P > 0.05. These results were then sub-
Jected to the Gupta test (a = 0.05) and showed that the mean values at sites Faaa and Tak 1 were significantly lower than at the other sites. The
results were also tested by SNK; in this case the site at Faaa was the lowest (o = 0.05).

Source Sum Degrees Mean Obs F P Expected
of variations of squares of freedom square mean square
n .
Sites (A) 1.46 6 0.243 426 0012 o’ +no’ + —2— Yia
gzl
Blocks (B) 080 14 0057 2.80 0.003 o+ noy,
Residual 1.28 63 0.020 o?
Total 354 83
(Faaa) (Tak 1) (Tak 2) (Ati) (Tik 2) (Tik 1) (Moor)
Mean value 0492 0.505 0.687 0713 0.814 0817 0818
SNK
GUPTA

Atimaono, reasonable numbers of herbivorous fish were
present as well as some Echinometra; at Tak 2 no Echino-
metra (or other echinoids) were present (Bak, 1990);
although no data on density of herbivorous fish were avai-
lable for the latter site, they were certainly present.

Notwithstanding the fact that fish densities may change
over time, these findings do provide some indication of
levels of populations of fish grazers in the study areas.
Ideally, fish censuses should have been taken daily during
the six-month experimental period but this was not fea-
sible. However, the data from Moorea are based on counts
of herbivorous fishes made twice a year in the vicinity of
the study site by Galzin (unpubl. data) since 1979.

Grazing has also been found to be a major erosional force
in other reef areas. In Australia, Kiene and Hutchings
(1994 a, b), working at Lizard Island on the Great Barrier
Reef, found that different reefal environments on the same
reef experienced significantly different levels of grazing.
Sites on the reef flat and at depths where the densities of
grazers were low experienced low levels of grazing; at
sites such as the reef slope where high densities of grazers
(primarily scarids) occurred, grazing was the dominant
agent of bioerosion. These site differences have been main-
tained over nine years (Kiene, 1988; Kiene and Hutchings,
1994 b). Echinoids were not present in sufficient numbers
in these environments on the Great Barrier Reef to have
influenced rates of grazing.

Grazers were not only responsible for losses of coral sub-
strate but also induced changes in the composition and
abundance of the algal turf. Under intense grazing, such as
occurred at Faaa, the endolithic micro-organisms were
dominated by cyanobacteria (especially Mastigocoleus tes-
tarum). At sites experiencing lower net rates of grazing or
none at all, the cyanobacteria were replaced by chloro-
phytes. Chlorophytes are probably better adapted than cya-
nobacteria for growth in levels of low light under the epili-
thic algal turf (Le Campion-Alsumard, 1979). We suggest
that grazing by echinoids induces a change in the composi-

tion and depth of penetration of the endolithic community.
Hackney et al. (1989) undertook similar experiments on a
Caribbean reef in order to investigate the relationship bet-
ween algal turf composition and herbivory and they also
found that the composition of the turf changed with gra-
zing pressures. Hackney et al. observed that turf species
persisted in zones of intense grazing and commonly dis-
played adaptations for rapid growth, and that algal crusts
(coralline algae) survived greater grazing intensities than
turfs and possessed adaptations to resist grazing. Our data
would suggest that a similar situation pertains in French
Polynesia.

The sites in Tikehau (Tik 1) and Takapoto (Tak 1) lagoons
which exhibited the maximum net rates of accretion
(Tab. 1) had the lowest densities of grazers, with echinoids
completely absent (Bak, 1990) and few herbivorous fishes
present. This presumably explains why these sites expe-
rienced low net rates of grazing and reasonably high net
rates of accretion by coralline algae (Tab. 1). The factors
responsible for the low densities of grazers recorded are
unknown, but may be a consequence of overfishing and or
low nutrient levels which do not encourage extensive turf
algal growth.

Of the seven sites in French Polynesia, four experienced
net rates of accretion, but these rates of gain were much
lower than the net rates of loss attributable to grazing.
Accretion was mainly the result of coralline algae, but
some encrusting serpulid polychactes were also present.

Rates of loss attributable to internal bioerosion by macro-
borers were low, the site at Moorea recording the highest
net loss; this site, as would be expected, had the highest
density of macroborers. It was also characterized by a net
gain by accretionary processes despite a reasonable density
of herbivorous fish and the presence of some Echinometra
(Tab. 3). The Moorea site was also characterized by one of
the highest algal biomasses and both epilithic and endoli-
thic algae were common, although coralline algae were
absent. We suggest that a well developed algal turf facili-
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tates the recruitment and penetration of the substrate by
macroborers. It is thought that the majority of macroborers
recruit via pelagic larvae (Hutchings, 1986). During gra-
zing, grazers not only erode the surface of the coral sub-
strate but may well reduce the ability of various macrobo-
rers to settle on the substrate and subsequently to bore into
it (Kiene and Hutchings, 1994 b). Grazing organisms may
also prey on, or accidently ingest, the larvae of potential
macroborers as they are settling on the substrate.

This inverse relationship between density of macroborers
and rates of grazing was also found by Sammarco et al.
(1987) on the central Great Barrier Reef. Kiene (1988) fur-
ther suggested that the highest net rates of accretion and
boring occur in mature reef environments, and the lowest
in young reefal environments where, according to his expe-
rimental study on the southern Great Barrier Reef, grazing
is the dominant process. Preliminary studies by Brousse
(1985) on the age of islands in the Pacific would suggest
that the atoll of Tikehau is younger than that of Takapoto.
All sites at these atolls experienced similar rates of gra-
zing, suggesting that the model advanced by Kiene (1988)
may not be valid for the reefs of French Polynesia.

The macroborer community was dominated by polychaetes
at all sites, the most abundant group being the Fabricinae
(family Sabellidae). Hutchings ef al. (1992) have found
that the recruitment of fabricinids to sites at Lizard Island,
on the northern Great Barrier Reef, increased over the first
12 months of exposure of experimental substrates and then
declined. Kiene (1988) reported a similar phenomenon on
the southern Great Barrier Reef, during the initial stages of
exposure of his experimental substrates. These initial colo-
nizers of newly available substrate, although only 1-2 mm
in length and therefore responsible for minimal losses of
substrate, may however facilitate subsequent recruitment
by other borers (Hutchings et al., 1992). Such a process
has been invoked to explain the increase in density of
sipunculans with increasing exposure (Hutchings et al.,
1992; Chazottes et al., 1995). In this study, recruitment of
sipunculans was restricted to areas around the bolt and
washer where some shelter was provided during the initial
stages of penetration by the larvae.

Kiene and Hutchings (1994 a, b) have shown that rates of
grazing vary between sites on a single reef, and this pattern
appears to be present within our data, at least at Tikehau
where the two sites within the lagoon were not grouped
together by the cluster analysis. As Tak 2 was not included
in this analysis, the relationship between the two sites at
Takapoto is unknown, although net rates of grazing and
accretion were different (Tab. 1). Similarly, our data from
the fringing reef of the Tiahura transect at Moorea differ
considerably from those obtained by Chazottes ez al.
(1995) on the nearby barrier reef. On the barrier reef, net
rates of external erosion (grazing) were estimated to be
0.96 kg.m™2yr™! after six months of exposure, which was
much higher than rates recorded on the fringing reefs
during this study. The reason for this high rate of loss by
grazing may be the higher densities of herbivorous fishes
(Galzin recorded 86. 82 + 12. 05/100 m~2 in 1987, pers.
comm.), echinoids: 12.65 + 7.60 ind.m™2, and gastropods:
13 herbivorous gastropods.10 dm™ of coral substrate (Pey-

rot-Clausade, unpubl. data) than were present on the near-
by fringing reef site of this study (Tab. 3). We suggest that
this factor may explain the differences in rates of bioero-
sion as a result of grazing and boring experienced by the
two sites at Moorea (Chazottes et al., 1995, this study). In
addition, the density of macroborers was higher in dead in
situ Porites present on the barrier reef (Hutchings and Pey-
rot-Clausade, 1988) than in the experimental substrates at
the fringing reef site. Extensive borings may have facilita-
ted the loss of substrate by subsequent grazing.

The site at Faaa, which experienced the greatest loss of
substrate during the study as a result of grazing, is also the
only site close to urban areas and receives significant
amounts of domestic sewage and nutrients (Fraizier et al.,
1985). At Faaa, dead corals were abundant on the reef flat
and were covered with algal turf (Ricard ef al., 1985). This
algal turf, and the microboring algae which penetrate and
erode the substrate, are utilized as food by herbivorous
species (Hay, 1981; Hatcher and Larkum, 1983; Bellwood
and Choat, 1990). We hypothesize that the high nutrient
level from the sewage input recorded by Fraizier et al.
(1985) and subsequently by the Délégation a I’Environne-
ment (unpubl. data) stimulated the production of the algal
turf which then encourages the development of large herbi-
vore populations; the latter in turn further increase the rate
at which the coral substrate is destroyed by grazing.

Smith et al. (1981) in their study in Kaneohe Bay showed a
large difference in population of echinoderms and poly-
chaetes according oligotrophic or eutrophic conditions.
Quasi-absent in substrate under oligotrophic conditions,
these two groups are abundant under eutrophic ones. While
these substrates may also be eroded by macroborers, popu-
lations of the latter are maintained at low levels because
the substrate is continually being eroded and high rates of
grazing ensure that the algal turf is kept cropped, which
reduces the rate of successful recruitment of the macrobo-
rers. None of the other sites receive significant inputs of
nutrients and levels of grazing are significantly lower at
these sites than at Faaa. Unfortunately, it was not possible
to obtain regular nutrient data from the atoll sites.

While the sites at Moorea and Atimaono have similar
populations of echinoids and herbivorous fishes, they were
not grouped together by the cluster analysis, as one site
experienced net losses and the other net gains as a conse-
quence of grazing and accretion respectively. These two
sites are both on reefs adjacent to high islands where terri-
genous input would be received during the rainy season; on
both Tahiti and Moorea some development and clearance
of land in the region of the sites is occurring. Similarly, the
sites in the lagoons of the atolls were not grouped together
(although Tak 2 was not included in the cluster analysis
because of the lack of data on herbivorous fish). At this
stage, however, we cannot explain the reasons for the dif-
ferences between sites within the atolls. Our results also
indicate the complex relationships between densities of
grazing organisms and rates of net accretion and net bioe-
rosion. High densities of grazers do not necessarily signify
high net rates of bioerosion on the reef in question. Howe-
ver, high densities of echinoids may perhaps be an early
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warning sign that some imbalance is occurring on that par-
ticular reef and worthy of further investigation.

Apart from the data of Chazottes et al. (1995), there are no
other comparative data on rates of grazing or accretion
over such a short time period, although Kiene (1985) deter-
mined rates of grazing of 0.41 kg.m™2,yr™! after three years
in similar habitats at Lizard Island. After nine years at
Lizard Island, Kiene and Hutchings (1994 b) have recorded
rates of 2.15 kg.m2.yr™!, which is considerably less than
recorded after six months at Faaa. All these studies used
Porites spp. as the experimental substrate, which should
render the results comparable. The greater density of
urchins at Faaa than at Lizard may be the factor explaining
the difference in external rates of biocrosion.

Finally, we must repeat that our results are preliminary and
do not take into account any potential variation in rates of
bioerosion occurring on individual reefs; but these studies
have highlighted reefs which should be further investiga-
ted. Although the rates of grazing occurring at Faaa are so
high, observations on nearby coral heads strongly suggest
that our experimental rates of grazing are applicable to the
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to be taken to reduce levels of nutrients and algal cover,
and thus populations of grazing echinoids, if this reef is to
survive.

Acknowledgments

This study was made possible by the Franco-Australian
cooperative grant PICS 77 to Peyrot-Clausade and an Aus-
tralian-French co-operative grant from DITAC to Hut-
chings. We also wish to thank the following for assistance
in the field or for logistic support: Joél Orempuller of
ORSTOM, Papeete; James Algret of EPHE-Moorea; and
Christophe Brié of EVAAM-Takapoto. Cassic Rose under-
took some of the preparation of samples in Sydney and
Rob Patterson prepared the coral blocks. Thanks are
expressed to anonymous reviewers for their comments and
improvements.

Bak R.P.M. (1990). Patterns of echinoid bioerosion in two Pacific
coral reef lagoons. Mar. Ecol. Progr. Ser. 66,267-272.

Bellwood D.R., J.R. Cheat (1990). A functional analysis of grazing
in parrotfishes (family Scaridae): the ecological implications. Env.
Biol. Fish.28,189-214.

Bliss C.L (1967). Statistics in biology. Statistical methods for resear-
ch in the Natural Sciences; Vol. 1, McGraw Hill, New York, 558 p.

Bouchon C. (1985). Quantitative study of scleractinian coral commu-
nitics of Tiahura reef (Moorea Island, French Polynesia). Proc. 5th
Int. Coral Reef Congress. 6,279-284.

Bouchon-Navaro Y. (1977). Distribution quantitative des principaux
poissons herbivores (Acanthuridae et Scaridae) de 1'atoll de Takapoto
(Polynésie francaise). Journ. Soc. des Océanistes 39,43-54.

Brousse R. (1985). The age of the islands in the Pacific Ocean: volca-
‘nism and coral reel. Proc. 5th Int. Coral Reef Congress. 5, 389-400.

Bruggemann J.H. (1995). Parrotfish grazing on coral reefs: a trophic
novelty. PhD University of Groningen, Netherlands, 213 p.

Caries J.C. (1991. Survcillance de la qualité¢ du milicu marin dans la
circonscription du Port Autonome de Papeete et autour de Tahiti dans
le cadre du Réseau Territorial d’observation. Proc. I. S. R. §.
Congress, Nouméa, 17-24.

Charpy-Roubaud C., L. Charpy, J.L. Cremoux (1990). Nutrient
budget of the lagoonal waters in an open central South Pacific atoll
(Tikehau, Tuamotu, French Polynesia). Mar. Biol. 107, 67-73.

Chazottes V. (1994). Etude expérimentale de la bioerosion et de la
sédimentogéngse en milicu récifal: effets de I"eutrophisation ({le de la
Réunion, Océan Indien Occidental). Thése de Doctorat de I’'Universi-
té de Provence, Aix-Marseille I, 285 p.

Chazottes V., T. Le Campion-Alsumard, M. Peyrot-Clausade
(1995). Bioerosion rates on coral reefs: interactions between macro-
borers, microborers and grazers (Moorea, French Polynesia). Paleog.
Paleocli. Paleoecol.

Dagnelie P. (1975). Théorie et méthodes statistiques. Vol 2, Presses
Agronomiques Gembloux, 463 p.

Fraizier A., D. Franck, P. Benente, R. Jouen, J.P. Debiard (1985).
Observations on the various forms of pollution of the Tahiti lagoons.
Proc. 5th Int. Coral Reef Congress. 6,445-451.

Faure G., P. Laboute (1984). Formations récifales de 1’atoll de
Tikehau (Tuamotu, Polynésie frangaise, Océan Pacifique. 1. Défini-
tion des unités réeifales et distribution des principaux peuplements de
scléractinaires. ORSTOM Notes Doc. 22, 108-136.

Galzin R., B. Salvat (1988). Activités humaincs ct récifs coralliens
de Moorea. Rapport RA 27 Antenne Museum-EPHE Moorea 21 p.

Gabrié C., C. Payri, B. Salvat (1986). Etude du plan d’aménage-
ment du milieu 4 Atimaono. Etude d"Environnement en milieu réci-
fal. Analyse de 1'état initial. Rapport RA 19A. Antenne
Museum-EPHE Moorea 79 p.

Gabrié C., R. Galzin, B. Salvat (1988). Activités humaines et récifs
coralliens Moorea. Rapport RA 27 Antenne Museum-EPHE Mooreaq,
21 p.

Guillaume M. (1984). Méthodologie appliquée a la sclérochronolo-
gie : techniques radiographiques et microdensitométriques. Ann. Inst.
océanogr. Paris 60,189-197.

Guillaume M. (1988). La croissance du squelette de Porites lutea,
scleractiniaire hermatypique., sur le récif frangeant de La Saline, fle
de la Réunion, Océan Indien. Thése de I'Université D’Aix-Marseille
11,254 p.

Hackney J.M., R.C. Carpenter, W.H. Adey (1989). Characteristic
adaptations to grazing among algal turfs on a Caribbean coral reef.
Phycologia 28, 109-119.

Harmelin-Vivien M.L. (1984). Distribution quantitative de poissons
herbivores dans les formations coralliennes. ORSTOM Notes et
Documents 22, 81-108.

Harmelin-Vivien M.L. (1985). Tikehau Atoll, Tuamotu Archipela-
g0. Proc. Sth Int. Coral Reef Congress 1,211-268.

Harmelin-Vivien M.L. (1990). Organisation spatiale du peuplement
ichtyologique dans le lagon de I"atoll de Tikehau (Polynésic francai-
se). ORSTOM Notes et Documents 40, 1-43,

Harmelin-Vivien M.L., M. Peyrot-Clausade, J.C. Romano (1992).
Transformation of algal turf by echinoids and scarid fishes on French
Polynesian coral reefs. Coral Reefs 11,45-50.

Hatcher B.G., A.W.D. Larkum (1983). An experimental analysis of
factors controlling the standing crop of the epilithic algal community
on a coral reef. J. Exp. Mar. Biol. Ecol. 69, 61-84.

540



EXPERIMENTAL STUDIES OF REEF BIOEROSION

Hay ML.E. (1981). Spatial patterns of grazing intensity on a Carib-
bean barricr reef: herbivory and algal distribution. Aquat. Bot. 11,
97-109.

Hutchings P.A. (1981). Polychacte recruitment onto dead coral sub-
strates at Lizard Island, Great Barrier Reef, Australia. Bull, Mar. Sci.
31,410-423.

Hutchings P.A. (1986). Biological destruction of coral reefs. A
review, Coral Reefs 4.,239-252.

Hutchings P.A, W.E, Kiene, R.B. Cunningham, C. Donelly
(1992). Spatial and tempora! patterns of non-colonial boring orga-
nisms (polychaetes, sipunculans, and bivalve molluscs) in Porites at
Lizard Island, Great Barrier Reef. Coral Reefs 11, 23-32,

Hutchings P.A., M. Peyrot-Clausade (1988). Macro-infaunal
boring communities of Porites. A biogeographical comparison. Proc.
6th Int. Coral Reef Symp. 3,263-267.

Hutchings P.A., P.B. Weate (1978). Comments on the technique of
acid dissolution of coral rock to extract endo-cryptolithic fauna. Ausz.
Zool. 19, 315-320.

Khamala C.P.M. (1971). Ecology of Echinometra mathaei (Echinoi-
dea: Echinodermata) at Diani Beach, Kenya. Mar. Biol. 11, 167-172.

Kiene W.B. (1985). Biological destruction of experimental coral sub-
strates at Lizard Island, Great Barrier Reef, Australia. Proc. 5th Int.
Coral Reef Congress 5, 339-344,

Kiene W.E. (1988). Biological destruction on the Great Barrier Reef.
Ph. D. Australian National University, Canberra ,316 p.

Kiene W.E., P.A. Hutchings (1994 4). Experimental investigations
on patterns in the rates of biocrosion at Lizard Island, Great Barricer
Reef. Coral Reefs. 13, 91-98.

Kicne W.E., P.A. Hutchings (1994 b). Long-term biocrosion of
experimental substrates from Lizard Island, Great Barrier Reef. Proc.
7th Int. Coral. Reef Symp. 1,397-403,

Le Campion-Alsumard T. (1979). Les Cyanophycées endolithes
marines; Systématique, ultrastructure, écologie et biodestruction.
Oceanologica Acta 2, 143-156.

Pari N., M. Peyrot-Clausade, T. Le Campion-Alsumard, P. Hut-
chings, C. Payri (1993). Environmental factors impacting on reef
bioerosion (French Polynesia) - A two-year experimental model.
First European Regional Meeting ISRS Vienne 1993, abstract, 93
Peyrot-Clausade M. (1989). Crab cryptofauna (Brachyura and Ano-
mura) of Tikehau Tuamotu Archipelago, French Polynesia. Coral
Reefs 8,109-117.

Peyrot-Clausade M., P.A. Hatchings, G. Richard (1992). Tempo-
ral variations of macroborers in massive Porites lobata on Moorea,
French Polynesia. Coral Reefs 11, 161-166.

Peyrot-Clausade M., T. Le Campion-Alsumard, M. Harmelin-
Vivien, J.C. Romano, V. Chazottes, N. Pari, J. Le Campion
(1995). La bioérosion dans le cycle des carbonates : essais de quanti-
fication des processus en Polynésie frangaise. Bull. Soc. géol. France
166, 85-94.

Reed J.K., P.M. Mikkelsen (1987). The molluscan community asso-
ciated with the scleractinian Oculina varicosa. Bull. Mar. Sci. 40,
99-131.

Ricard M., C. Gabrié, M.L. Harmelin-Vivien, C. Payri,
G. Richard (1985). Port de Papeete-Aspect des divers peuplements
biologiques, nectoniques et benthiques. Rapport RA 15 bis,
Antenne Museum-EPHE Moorea , 34 p.

Roux M. (1985) Algorithmes de classification. Méthodes et Pro-
grammes. Masson, Paris, 152 p.

Sachs L. (1982). Applied statistics: Handbook of technigues, 2nd
Edition, Springer Verlag, NewYork, 704 p.

Salvat B., G. Richard (1985). Takapoto Atoll, Tuamotu Archipela-
20. Proc. 5th Int. Coral Reef Congress 1,323-378.

Sammarco P.W., M. Risk, C. Rose (1987). Effects of grazing and
damselfish territoriality on intcrnal bioerosion of dead corals: indirect
effects. J. Exp. Mar. Biol. Ecol. 112, 185-189,

Saporta G. (1978.) Théorics ct méthodes de la statistique. Eds Tech-
nip, Paris, 386 p. .

Schaefer A. (1970). Les bases mathémathiques de la microstéréolo-
gie. Microskopion 18-19, 3-14.

Smith 8.V., W.]J. Kimmerer, E.A. Laws, R.E. Brock, T.W. Walsh
(1981). Kaneohe Bay sewage dispersion experiment: Perspectives on
ecosystem responses to nutritional perturbation. Pacific Science 35,
279-385.

STAT-ITCF (1991). Manuel d’utilisation. Institut Technique des
Céréales et des Fourrages. Paris, 267 p.

Webel E.R., G.S. Kistle, W.F. Scherler (1966). Practical stereologi-
cal methods for morphometric cytology. J. cell. Biol. 30,23-28.

Wolanski E., B. Delesalle, V. Dufour, A. Aubenel (1993). Model-
ling the fate of pollutants in the Tiahura Lagoon, Moorea, French
Polynesia. 11th Australian Conference on Coastal and Ocean Engi-
neering. Townsville, 583-388.

Zar J.H. (1984). Biostatistical analysis. Prentice and Hall. Intcrna-
tional Edition, New Jersey, 718 p.

541





