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Abstract — We investigated spatial patterns of stony corals, molluscs and echinoderms among six habitat types within
the lagoons of six atolls in the Tuamotu Archipelago (French Polynesia). Percent cover (stony corals only), abundance
and richness were recorded within habitat types delineated by specific geomorphological features. Among six habitat
types defined a priori, four encompassed distinct assemblages of corals and molluscs: (1) pinnacles possessed maximum
richness, abundance and coverage, (2) passes showed relatively high abundance and coverage, (3) lagoon floors were
marked by the commonness of a few coral genera, and minimum mollusc abundance and richness, and (4) inner reef flat
stations, independent of their location in front of spillways, motu or rim zones, had low cover, abundance, and richness.
While habitat associations were similar for stony corals and molluscs, echinoderms were preferentially found on the
inner reef flat facing the rim. Lowest echinoderm abundances and species richness were recorded on pinnacles and in the
vicinity of the pass. Such small-scale spatial heterogeneity appears to be one of the distinctive characteristics of coral
communities in French Polynesian reefs. These results, along with those of the TYPATOLL program, demonstrate
the importance of both local and regional factors in determining the diversity and structure of coral assemblages.
Habitat fidelity was weak: many species/genera were poorly represented among habitats and restricted to a few atolls,
while others were present across all lagoons and habitats. Therefore, marine protected areas design based solely on
representativeness will require the protecting the vast majority of lagoon habitats.
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Résumé — Structuration spatiale des assemblages d’invertébrés benthiques dans les lagons d’atoll : importance
de I’hétérogénéité de ’habitat et considérations pour la mise en ceuvre d’aires marines protégées en Polynésie
francaise. Nous avons examiné I’ organisation spatiale des coraux, mollusques et échinodermes dans six lagons d’atoll
de I’archipel des Tuamotu (Polynésie francaise). Le pourcentage de recouvrement (coraux uniquement), I’abondance et
la diversité ont été mesurés dans des sites géomorphologiquement contrastés. Parmi les six habitats lagonaires définis
a priori, quatre sont distincts pour les coraux et les mollusques : (1) I’abondance, la diversité et le recouvrement maxi-
maux sont enregistrés aux stations de pinacle, (2) le recouvrement et I’abondance sont relativement élevés aux stations
de passe, (3) les stations de fond de lagons sont caractérisées par la présence de quelques genres de coraux caractéris-
tiques, et des valeurs d’abondance minimales pour les mollusques, et (4) les stations du platier récifal, quelle que soit
leur localisation (face aux hoa, motu, ou couronne), sont caractérisées par des valeurs de recouvrement, d’abondance
et de diversité particulierement faibles. Alors que 1’organisation spatiale des coraux et des mollusques est similaire,
celle des échinodermes differe. Ces derniers sont plus abondants sur le platier récifal, et sont peu représentés aux sta-
tions de passe et sur les pinacles. Cette forte hétérogénéité spatiale, au sein des lagons d’atoll, compleéte celle observée
pour les iles hautes volcaniques de Polynésie francaise, ainsi que la variation inter-atoll décrite a 1’échelle régionale
dans 1’archipel des Tuamotu. L’hétérogénéité spatiale a petite échelle apparait étre un caractere distinctif des commu-
nautés benthiques en Polynésie frangaise. Les résultats de cette étude completent ceux du programme TYPATOLL et
démontrent I’'importance des facteurs locaux et régionaux dans la structure spatiale et la diversité locale des commu-
nautés coralliennes. Un grand nombre de genres/especes sont limités a quelques habitats et ne colonisent que certains
lagons d’atoll, tandis que d’autres sont ubiquistes et sont présents dans la plupart des habitats et des lagons. Si préserver
la biodiversité des lagons d’atoll est I’objectif principal des gestionnaires de I’environnement, la mise en ceuvre d’aires
marines protégées dans ces biotopes nécessite par conséquent la protection de I’ensemble des habitats lagonaires.

* Corresponding author: adjeroud@univ-perp. fr
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1 Introduction

Recent studies showed that atoll lagoons may support
highly diverse benthic communities and are therefore areas of
interest for marine conservation (Vroom et al. 2005; Kenyon
et al. 2006). One of the fundamental goals of marine protected
areas (MPAs) is to sustain and protect biological diversity
(e.g., Agardy 1994). Effective MPA design requires knowl-
edge of habitat delineation and the identification of homoge-
neous communities within a relatively heterogenous landscape
(Stevens 2002, 2005). Additionally, accounting for connectiv-
ity between protected and non-protected communities is im-
portant to allow for larval replenishment and the “rescue ef-
fect” (Agardi 1994; Holland and Brazee 1996; Roberts et al.
2003a, 2003b; Stevens 2005).

In French Polynesia, the conservation of atoll lagoons lo-
cated in close proximity to human population centers poses
a particular challenge because they are discrete and fragile
ecosystems which are relied on heavily for their biological re-
sources and ecosystem services (Vieux et al. 2004). As habitat
representation and the delineation of homogeneous landscapes
is critical in designing marine reserves, the geomorphologi-
cal variety that exists both among and within atolls (Adjeroud
et al. 2000) justifies the study of the distribution of lagoonal
communities at these nested spatial scales. While population
connectivity must be taken into consideration during the de-
sign of marine reserves (Odgen 1997; Roberts 1997), its in-
corporation in modeling and marine conservation is still in its
infancy (Roberts 1998; Sala 2002; Gerber et al. 2003). The
diversity of atoll geomorphology and magnitude of oceanic
influence increases the difficulty of the already challenging
task of determining the origin of source populations and re-
gional patterns of connectivity. This investigation of the spatial
structure of benthic invertebrate communities at nested spatial
scales may lay the ground work for future research on the ex-
tent of connectivity within a network of atoll lagoons.

The 77 atolls of the Tuamotu Archipelago comprise 18%
of the world’s atolls (Chevalier and Denizot 1979; Bouchon
1983; Salvat 1983). They display an extraordinary diversity of
geomorphological features, and thus represent a unique system
for examining the structure and ecology of lagoon communi-
ties. Resource protection awareness emerged in the 1970s in
French Polynesia after signs of reef degradation were recorded
near populated areas (Salvat and Aubanel 2002; Vieux et al.
2004). In the Tuamotu Archipelago, the privately owned atoll
of Taiaro was declared a UNESCO “Man and Biosphere” re-
serve in 1977 (Hutchings et al. 1994). The French Polynesian
Government is concerned by the development of the pearl in-
dustry in atolls of the archipelago, and plans exist to geograph-
ically expand the Taiaro reserve to encompass six other atolls:
Aratika, Kauehi, Niau, Raraka, Toau and Fakarava (Vieux et al.
2004).

“TYPATOLL”, a multidisciplinary program, was initiated
to understand the structure and functioning of atoll lagoons of
the central part of the Tuamotu (Dufour and Harmelin-Vivien
1997). The first results from TYPATOLL focused on regional
scale variation (i.e., analyses of variation among lagoons),
pointing out the important role of an atoll’s physical proper-
ties (surface area and depth of the lagoon, degree of hydrody-
namic aperture, etc.) in the differentiation of its macrobenthic

communities (Adjeroud et al. 2000), but did not investigate
intra-lagoon variability. As MPA implementation begins to
develop in the Tuamotu, the need for habitat delineation in-
creases. Whereas Taiaro is a unique, closed atoll that is likely
to have a limited role in a network of protected atolls, the atolls
investigated during the TYPATOLL expedition, among them
Kauehi, are more open systems. We used TYPATOLL datasets
from six atolls to examine the spatial distribution of benthic
invertebrate assemblages (scleractinian corals and Millepora,
molluscs, echinoderms) across stations of different lagoonal
origin. Our objectives were to examine (1) the variability of
diversity and abundance, percent cover, and generic/species
composition of benthic invertebrate assemblages across habi-
tats within atoll lagoons, and (2) determine which habitats
should be of particular concern when designing MPAs, based
on biological criteria such as genera/species representativeness
and co-occurrence.

2 Materials and methods
2.1 Sampling

The Tuamotu Archipelago, one of the five archipelagos in
French Polynesia, lies in the eastern Indo-Pacific province,
and contains 77 of the 425 atolls existing worldwide. Six
atolls were surveyed during this study: Haraiki, Hiti, Kauehi,
Marokau, Nihiru and Tepoto Sud (Fig. 1). Their main physical
and geomorphological characteristics are presented (Table 1).

Within atoll lagoons, a total of six different potential habi-
tats were distinguished during the sampling design of the
TYPATOLL program (Dufour and Harmelin-Vivien 1997):
(1) the inner reef flat in front of submerged reef flats (referred
as the “rim”; R); (2) the inner reef flat in front of the emer-
gent rim (referred as the “motu”’; M); (3) the inner reef flat in
front of hoas (spillways in Tuamotu language; H); (4) passes
(PA); (5) pinnacles or knolls (defined as hard substrate rising
from the lagoon floor to near the water surface; P); (6) the la-
goon floor (F). The distinction of these six habitats was made
according to their geomorphological, hydrological, and hydro-
dynamic characteristics. Within each of the six habitats, two
stations were established (Fig. 1). The number of sampling sta-
tions varied between atolls according to the existence of each
of these habitats (Fig. 1). Stations will be cited using the fol-
lowing abbreviation: first two letters of the atoll’s name, first
one or two letters of the habitat, and the station number.

Observations were carried out by SCUBA diving or
snorkelling, between September and October 1996. All coral
colonies (orders Milleporina and Scleractinia) larger than 1 cm
and visible without the need to move rocks, as well as vis-
ible echinoderms and molluscs, were identified and counted
in 5 m? quadrats (2 x 2.5 m). For the first four habitats
(R, M, H, PA), stations consisted of 16 quadrats arranged con-
tiguously along a transect perpendicular to the shore, between
1 to 3 m depth. There is no differentiation of benthic inver-
tebrate assemblages within this depth range on the inner reef
flat of French Polynesian atolls (Chevalier and Denizot 1979;
Bouchon 1983; Salvat 1983). The pass and hoa stations were
located approximately 50 m to the right or left at the edge
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Fig. 1. Map of French Polynesia showing the location of the six atolls surveyed (a) and location of the 58 sampling stations in these six atoll
lagoons (b). Station names are abbreviated as follow: first one or two letters of the habitat, R: Inner reef flat in front of submerged reef flat;
M: Inner reef flat in front of the emergent R; H: Inner reef flat in front of spillways; PA: Pass; P: Pinnacles or knolls; F: Lagoon floor), and the

station number. For each atoll, the emergent R is represented in black.

of the channels. The lagoon floor stations (F) were located
at depths of 15 m for lagoons deeper than 15 m, and close
to the maximum depth for shallower lagoons (see Table 1 for
lagoon average depth); each station consisted of eight contigu-
ous quadrats. The pinnacle stations (P) were sampled with four
quadrats placed contiguously on the top of the pinnacle, and
by four quadrats placed on their sides at approximately 3 m
depth. Each atoll was sampled once during a three to five day

period. Corals were identified at the genus level, given that sev-
eral studies have shown that this level of identification is suffi-
cient to discriminate coral assemblages among habitats at this
spatial scale (McClanahan and Obura 1997; Rajasuriya et al.
1998). Molluscs and echinoderms were identified to species
level. Three linear transects of 20 m were used at each sta-
tion to estimate percent coral cover (Line Intercept Transect
Method; Loya 1972).
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Table 1. Overview of the six atolls surveyed during this study. The relative proportion of each habitat type is presented as a percentage of the

lagoon surface area (satellite data).

Tepoto Sud Haraiki Hiti Nihiru Marokau Kauehi
Geographical coordinates 16°49" S 17°28" S 16°43" S 16°41" S 18°03" S 15°50" S
144°17 W 143°26' W 144°06" W 142°50" W 142°16' W 145°09° W
Human Population 0 0 0 30 65 302
Atoll surface area (km?) 6.2 24.6 25 100 256 343
Lagoon surface area (km?) 1.6 104 15 80 217 315
Lagoon average depth (m) 5 10 10 20 30 50
Percentage of lagoon surface area
Pass, PA 2.4 0.1 0.0 0.0 0 0.1
Hoa, H 0.0 0.0 0.1 0.7 0.7 1.0
Pinnacle, P 0.0 0.8 0.0 2.3 1.1 0.1
Rim, R 38.5 34.5 12.5 3.7 1.8 1.3
Motu, M 394 34.8 13.9 155 6.7 12.3
Floor, F 19.7 29.8 73.5 77.7 89.6 85.2
Number of stations 8 10 8 10 10 12

2.2 Statistical analysis

We compared the spatial variation in coral, echinoderm
and mollusc generic richness and abundance and coral per-
cent cover among six habitat types with Kruskal-Wallis tests
(KW; df = 5 for all tests; transects/quadrats pooled across
stations and lagoons). This nonparametric approach was used
over an analysis of variance (ANOVA) because residuals were
not normally distributed and variance groups were hetero-
geneous, even after transformation (Legendre and Legendre
1998). Additionally, post-hoc Mann-Whitney tests (MW) were
performed to determine which pairs of habitats showed signif-
icant differences in generic richness, abundance and percent
cover. Genera/species were categorized according to their oc-
currence across habitats, as following: occurs in 1-2 habitats:
rare; 3—5 habitats: common; 6 habitats: ubiquitous. This cate-
gorization is independent to among-atoll lagoon variation.

The overall variation in composition and abundance of
coral assemblages among stations was analysed using cor-
respondence analysis computed from abundance community
matrices (CA; Legendre and Legendre 1998). CA could not be
performed for molluscs and echinoderms without omitting a
large number of rare species, making interpretation difficult.
Instead, corals, molluscs and echinoderms were grouped in a
single matrix to examine variation in generic/species compo-
sition at a larger taxonomic scale (i.e. “macrobenthos”).

Three co-occurrence indices were calculated from
presence-absence matrices for all three taxonomic groups
as well as the macrobenthos category to further support the
interpretation of the CA and to provide an estimate of the level
of community structure across stations (Gotelli 2000):

e The checkerboard score (“C-score”; Stone and Robert
1990) measures the degree of co-occurrence within the ma-
trix. The larger the score, the less co-occurrence of species
pairs (Haukisalmi and Henttonen 1998; Gotelli and Arnett
2000).

e The number of checkerboard species pairs (“Checker”;
Diamond 1975) is the number of species pairs that never
co-occur in the community matrix. The higher the Checker,

the more competitively structured the community (Gotelli
2000; Gotelli and McGabe 2002).

e The number of unique species combinations (“Combo”;
Pielou and Pielou 1968) is likely to be low within struc-
tured communities (Diamond 1975).

The three indices test for non-random patterns within the
presence-absence community matrix. To test whether these in-
dices were significantly different from what would be expected
if occurrence was random (i.e., no community structure), orig-
inal presence-absence matrices were randomized 5000 times,
using a fixed-column sums and fixed-row sums randomization
scheme (Gotelli 2000). The indices of co-occurrence were re-
calculated for each randomized matrix, forming a distribution,
to which the original statistic was compared (Gotelli and Grave
1996; Gotelli 2000). To further emphasize the deviation of the
statistics from random, Standardized Effect Size (SES) was
calculated. The SES, scaled in units of standard deviation, is
calculated as the difference between the observed index and
the mean of simulated indices, divided by the standard de-
viation of the simulated indices (Gurevitch et al. 1992). Co-
occurrence tests were performed using the software EcoSim
(Gotelli and Entsminger 2006) and all other statistical tests
were computed using R (R Development Core Team 2003).
For all tests, a probability value less than 0.05 was considered
statistically significant.

3 Results
3.1 Stony corals

A total of 24 genera were encountered within the 58 sta-
tions surveyed. Coral genera that occurred frequently across
atolls were also frequent across habitats within those la-
goons. Additionally, genera that were restricted to few habi-
tats were also found within few lagoons (Table 2). Six genera
were common to all lagoons, and 7 were widely distributed
(recorded in five lagoons). Fungia was found in four lagoons
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Table 2. Presence-absence of corals, molluscs and echinoderms
within the six different habitats (F: floor, H: hoa, M: motu, PA: pass,
P: pinnacle, R: rim) investigated. “n. lagoons” refers to the number
of lagoons in which species/genera were observed. For example, the
coral Echinopora was found on floor stations (only) within two dif-
ferent lagoons.

F H M PA P R n.lagoons

CORALS
Echinopora X

Tubastrea X
Dendrophyllia X
Leptoseris X
Palythoa X
Plesiastrea X
Herpolitha

Millepora

Montastrea

Fungia X
Stylocoeniella
Pocillopora
Acanthastrea
Acropora
Astreopora
Cyphastrea
Favia
Leptastrea
Lobophyllia
Montipora
Pavona
Platygyra
Porites
Psammocora
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MOLLUSCS
Conus pulicarius
Conus rattus X
Cypraea moneta X
Drupa grossularia X
Drupa ricinus X
Drupa rubusidaeus X
Lambis truncata X
Mancinella tuberosa X
Mitra ferruginea X
Peristernia nassatula X
Spondylus varians X
Conus lividus X X
Conus miliaris

Morula granulata

Morula uva

Pedum spondyloideum
Pinctada margaritifera x
Strombus gibberulus X X
Thais aculeatus

Chama pacifica X
Pinctada maculata X
Pycnodonta hyotis X
Cerithium echinatum X
Conus ebraeus

Arca ventricosa X
Chama imbricata X
Tridacna maxima X
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Table 2. Continued.

F H M PA P R n.lagoons

ECHINODERMS

Actynopyga mauritiama X 1
Linckia multifora X 1
Echinothrix diadema X x 2
Bohadschia argus X x x 4
Culcita novaeguineae X X X 3
Echinothrix calamaris X X x 3
Echinometra mathaei X X x 4
Holothuria atra X X X X x 5

and Stylocoeniella in three lagoons. Eight genera were re-
stricted to one or two lagoons. Among habitat types, 6 gen-
era were rare occurring in only one or two habitat types,
whereas 6 genera were common and 12 were ubiquitously
found among all six habitat types. Highest abundances (ex-
pressed as nb of colonies m~2; Fig. 2) were found for Acrop-
ora, Cyphastrea, Leptastrea, Montipora, and Porites. The total
number of genera per station varied between 0 and 15. When
present (Haraiki, Nihiru, Marokau, Kauehi), pinnacles encom-
passed the highest number of genera, whereas in other lagoons
where pinnacles were absent, the highest number of genera
were found on the inner reef flat in front of motus and hoa,
and on the lagoon floor (Fig. 2). Generic richness was also rela-
tively high at stations located near passes, except at one station
in Tepoto Sud (Te-PA2). Mean abundance was highly variable
among the 58 stations (Fig. 2, Table 3), ranging from 0 to 18.7
colonies m~2, with high values generally found at pinnacle and
pass stations (except station Te-PA2). Coral cover per station
ranged between 0 to 39.6%, and pinnacle stations were again
characterized by high values.

A significant difference among habitats was found for all
three descriptors (KW test, percent cover: y> = 40.5, p < 0.01,
abundance: y*> = 140.4, p < 0.01, generic richness: y?> =
145.1, p < 0.01). Coral generic richness, abundance, and cover
were significantly higher at pinnacle stations than other habi-
tats. Abundance and cover found at pass stations were also
slightly higher than at rim, motu, floor or hoa stations. For
these last four habitats, differences in generic richness, abun-
dance and cover were low and generally not highly significant
(Table 3).

Results of the CA performed on the abundance of the
24 genera recorded at the 54 stations are presented (Fig. 3).
The cumulative percentage of variance of the first two axes
was 35.2%. There was considerable overlap in generic compo-
sition across stations of different lagoonal origin. Pass, pinna-
cle and floor stations, that were the richest and possessed most
rare species (Table 3), were more discriminated by the first two
axes than motu, hoa and rim stations. Stations from these last
three habitats, that encompassed mostly common genera and
only a few rare species (Montastrea and Millepora), tended
to cluster together. There was significantly less co-occurrence
than expected by chance (C-score: p < 0.05; Table 4), how-
ever the number of checkerboards did not significantly deviate
from random. The number of unique genera combinations was
significantly lower than the number of combination expected
by chance (Combo: p = 0.048).
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Fig. 2. Box-and-whisker plot of the mean generic or species richness, abundance, and percent cover of coral colonies, molluscs and echinoderms
from the six habitats surveyed. Data of the same habitat pooled among lagoons. Richness is presented as the number of genera per quadrat for

corals, and numbers of species per quadrat for molluscs and echinoderms. Abundance is presented as colonies m~2 for corals, and as numbers
of individuals m~2 for molluscs and echinoderms.

Table 3. Summary of the Mann-Whitney tests performed on the mean 0 | o Axis2
generic richness (GR), species richness (SR), abundance (AB) and E (13.6%)
percent cover among all pairs of the six habitats (***: p < 0.001, ©
*#: p < 0.01, *: p < 0.05, NS: non significant at the 95.0% confidence 2 e -
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3.2 Molluscs

Most macromollusc species were rare, with 70% of
27 species being found within one or two habitats (Table 2).
Five species were commonly observed. Only Chama imbri-

along the first two axes are given.

first two axes explained 35.2% of the total inertia. Positions of stations

cata and Tridacna maxima were ubiquitous. As with stony

corals, mollusc species that were found within few habitats
were also found within the lagoons of few atolls. For example,
Conus pullicarius and C. rattus were only observed on rim
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Table 4. Summary of null model tests for deviation of presence-absence matrices from randomness. Index abbreviations — “C-score’: checker-
board score; “Checker”: number of perfect checkerboards; “Combo”: number of species combinations. Simulated indices were generated from
randomized matrices. The mean of simulated indices is presented here with its corresponding variance. P obs-: the probability that the observed
statistic is less or equal to the simulated statistic; P obs+: the probability that the observed statistic is superior or equal to the simulated statistic;

SE: Standardized Effect Size.

Group Index Observed Simulated Variance P obs- P obs+ SES
Corals C-score 43.00 40.94 0.27 1.000 0.000 3.95
Checker 42.00 39.57 15.61 0.771 0.325 0.61
Combo 53.00 54.66 0.34 0.048 0.990 -2.84
Molluscs C-score 8.64 8.72 0.09 0.431 0.576 -0.27
Checker 249.00 232.93 16.64 1.000 0.000 3.94
Combo 39.00 37.55 1.21 0.892 0.278 0.91
Echinoderms C-score 20.11 18.51 0.89 0.943 0.062 -1.70
Checker 15.00 17.72 1.50 0.036 0.997 -2.22
Combo 15.00 15.01 1.21 0.672 0.675 -0.01
Macrobenthos C-score 23.81 22.56 0.06 1.000 0.000 5.30
Checker 785.00 745.83 204.38 0.988 0.012 2.74
Combo 56.00 56.00 0.00 1.000 0.998 0.04

stations of Kauehi (Table 2). A significant difference among
habitats was found for both abundance and species richness
(KW test, abundance:,\(2 = 175.8, p < 0.01, species richness:
x> = 160.3, p < 0.01). Abundance ranged from 0 to 11.8 in-
dividuals m~2, and richness ranged from 0 to 6 species per
quadrat. Abundance and richness were highest at pinnacle sta-
tions (Fig. 2). There was a significant difference between these
stations and all others, for both descriptors (Table 3). Stations
from the floor and rim, hoa and motu, and motu and pass were
statistically identical in terms of abundance and species rich-
ness. The number of checkerboards (species pairs that never
co-occur) was higher than expected by chance (p < 0.05), in-
dicating segregation. However, the number of unique species
pair and the C-score were not statistically different from ran-
dom species association (Table 4).

3.3 Echinoderms

Among the 8 species of echinoderms encountered, 3 were
rare, 5 were common, and none were ubiquitous at the habitat
scale. Similar to corals and molluscs, but to a lesser extent,
species that were found within a few habitats were also found
within lagoons of a few atolls. Highest echinoderm diversity
was observed at hoa, motu and rim stations. Actynopyga mau-
ritiama and Linckia multiflora were found exclusively within
pinnacle (Nihiru) and motu (Marokau) stations, respectively.
The holothurian Holothuria atra was the only echinoderm
species found on floor stations, and both were widely dis-
tributed among habitats and atolls (Table 2). A significant dif-
ference among habitats was found for both descriptors (KW
test, abundance: Xz = 102.7, p < 0.01, species richness:
x> =85.4, p <0.01). Abundance ranged from 0 to 9.6 individ-
uals m~2, and richness ranged from 0 to 2 species per quadrat.
Hoa stations sheltered the most individuals, and the habitat
was statistically different from all others (Table 3). Whereas
mean abundances were similarly low for all habitats but hoa,

variance was higher for motu and rim stations. Passes shel-
tered no echinoderms in general, with a few exceptions (in-
dividuals were found within 4% of all pass quadrats). Motu,
rim and hoa stations sheltered the highest numbers of species
per quadrat. Finally, there was no evidence suggesting that
species co-occurrence follows a non-random pattern (Combo,
Checker, C-score: p > 0.005; Table 4).

3.4 Macrobenthos

Similar patterns of station association were observed on
the CA plot for corals and pooled benthic organisms (Fig. 4).
The cumulative percentage of variance of the first two axes
was 30.8%. Stations from hoa, motu and rim tended to clus-
ter together. As with corals, there was significant overlap be-
tween stations of different lagoonal origin. The CA plot for
macrobenthos was strongly arched. Co-occurrence simulations
suggest a significant deviation from random association, to-
ward segregation. The C-score and the Checker indices were
both significantly higher than expected (p < 0.05). However,
the number of genera/species combinations was not (p > 0.05;
Table 4).

4 Discussion

4.1 Spatial patterns of benthic invertebrate
assemblages

Our results showed a strong disparity in benthic inverte-
brate assemblages among the different habitats found in atoll
lagoons. For stony corals, the marked small-scale spatial het-
erogeneity within lagoons appears to be one of the distinc-
tive characteristics of French Polynesian coral communities
(Adjeroud 1997), and complements similar results found at the
same scale on high volcanic islands (Adjeroud 1997, 2006).
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Fig. 4. Ordination plot of the correspondence analysis performed on
the abundance of 59 genera and species (three taxonomic groups
pooled, or “macrobenthos”) recorded at the 54 stations (no coral,
mollusc or echinoderm were recorded at stations Tepoto-H1, Te-H2,
Haraiki-C1; moreover, station Tepoto-PA2 was made passive, as it
was responsible for the compression of all other stations at the center
of the ordination space). The first two axes explained 30.8% of the
total inertia. Positions of stations along the first two axes are given.

Within lagoon variations in benthic assemblages has been pre-
viously observed in the Pacific (e.g., Canton Atoll: Jokiel and
Maragos 1978; Johnston Atoll: Jokiel and Tyler 1992; French
Frigate Shoals, Northwestern Hawaiian Islands: Vroom et al.
2005; Kenyon et al. 2006). The intra-lagoonal variation also
complements the inter-lagoonal variation found in Tuamotuan
atolls (Adjeroud et al. 2000). This outcome is consistent with
findings of recent studies that clearly demonstrated the impor-
tance of both local and regional factors in determining the di-
versity and structure of coral assemblages and the sensitivity
of local coral richness to environmental variation across depth
and habitat gradients (Cornell and Karlson 1996; Karlson and
Cornell 1998; Rajasuriya et al. 1998; Bellwood and Hughes
2001; Karlson et al. 2004). The combination of the present
study and Adjeroud et al.’s (2000) emphasizes the importance
of nested spatial scales in structuring benthic invertebrate com-
munities.

Molluscs and echinoderms were less abundant and less
diverse than stony corals. This under-representativeness was
also observed on high volcanic islands in French Polynesia
(Adjeroud 1997, 2000). While the low diversity of molluscs
may be partly explained by the methodology (only the pres-
ence of individuals >1 cm was recorded; the cryptic fauna
was not sampled), the overall low diversity of echinoderms in
French Polynesia (30 species, Richard 1985) may explain the
patterns observed in this study (see also Adjeroud 2000).

Null model simulations gave evidence that corals, mol-
luscs, and all taxonomic groups pooled (macrobenthos) signif-
icantly deviated from random association. The co-occurrence
of corals was not so much explained by genera that never
co-occurred together, but rather by pairs that tended to co-

occur significantly less than expected by chance (C-score and
Combo: p < 0.05; Checker: p = 0.3). There was some evi-
dence that the mollusc community is structured by competitive
interactions, as the number of species pairs was significantly
larger than expected by chance. However, this result should be
interpreted with care, as the Checker is subject to Type I error
(Gotelli 2000), and the C-score, which is a more statistically
robust descriptor of co-occurrence (Gotelli 2000), did not sig-
nificantly deviate from random. Finally, there was no reason
to reject the null hypothesis that patterns of echinoderm co-
occurrence are not different than what would be observed for a
non structured assemblage, as all indices were non significant.

Among the six habitats defined during the initial phase
of the TYPATOLL program, pinnacles were clearly the
most distinguishable for corals and molluscs, with the max-
imum generic richness, mean abundance and coverage of
colonies/individuals. However, there were no characteristic
genera associated with this habitat. Our quantitative data
confirm for the first time qualitative observations suggesting
that pinnacles in French Polynesia provide a favorable habi-
tat for coral diversity and growth (Faure and Laboute 1984;
Harmelin-Vivien 1985). At French Frigate Shoals (Hawaiian
Islands), Vroom et al. (2005) found that benthic assemblages
on the investigated pinnacle were strongly differentiated and
constituted a separate “ecozone”. We hypothesize that the
steep slopes of pinnacles probably reduce sedimentation and
thus offer an adequate substrate for settlement of coral colonies
and other reef invertebrates. Other factors that may favor coral
growth and diversity are enhanced water flow and gradation
in light intensity. As such environmental conditions are likely
to vary along pinnacles, high diversity of corals and molluscs
might be the result of an edge effect at a small spatial scale
(Goreau and Wells 1967; Porter 1972). In the context of the
endo-upwelling theory of pinnacle growth, Guilcher (1991) ar-
gued that pinnacles, located at places where sets of fissures end
in the bottom of the lagoon, may favor surrounding productiv-
ity, which in turn, stimulates coral growth. Guilcher described
pinnacles as “outlets of feeders by which the atoll ecosystem is
maintained”. However, further investigations are now needed
to understand why this habitat is so favorable for coral richness
and abundance.

Passes were also distinct, with abundance, richness (corals
and molluscs) and coverage (corals) values slightly higher than
the lagoon floor, hoa, motu and rim habitats. The same pat-
tern was observed in Canton atoll lagoon for corals (Jokiel and
Maragos 1978). We hypothesize that the greater size of coral
assemblages at passes is partly explained by the high hydro-
dynamic conditions found at the vicinity of passes, which re-
duce sedimentation, and thus favor the establishment of more
colonies. Moreover, passes may represent a transitional habi-
tat, or ecotone, between the rest of the atoll lagoon and the
outer reef slope. This last, which was documented as the place
of highest coral diversity and abundance in French Polynesian
reefs (Adjeroud 1997), may also constitute a source of colo-
nizers in the vicinity of the pass.

In contrast, we found no difference between the lagoon
floor, hoa, motu and rim in term of generic richness, abun-
dance and percent cover of stony corals, and similar pat-
terns were observed on mollusc abundance and richness. Coral
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assemblages of the lagoon floor were slightly distinct because
of the higher abundance of Astreopora and Lobophyllia and
by the occurrence of Echinopora in some lagoons. This out-
come is consistent with previous surveys, which have demon-
strated that some species of Echinopora and Astreopora are
well adapted to environmental conditions found in lagoon floor
habitat (i.e., lower light, high sedimentation; McClanahan and
Obura 1997). The lack of marked differences between rim, hoa
and motu may indicate that environmental conditions are not
sufficiently different among these geomorphological features
for the establishment of distinct coral assemblages. Sedimenta-
tion, paucity of adequate substrate, and high daily variation in
water temperature (reef flats in front of submerged rim, motu
and hoa were not deeper than 5 m) may also explain the reduc-
tion in generic richness, abundance and percent cover of corals
found there.

While the zonation of coral and mollusc assemblages was
very similar, the highest abundance and richness of echino-
derms were found among stations of different lagoonal origin.
Indeed, maximum richness and abundance was recorded on
the inner reef flat in front of spillways (hoa) and along the rim,
where minimum values were recorded for corals and molluscs.
Additionally, pass and pinnacle sheltered the fewest echino-
derm species and individuals, contrary to the two other taxo-
nomic groups investigated. This zonation pattern may be at-
tributed to the different habitat requirement of echinoderms,
which are primarly represented by grazers.

4.2 Recommendations for MPA design

The results of this study demonstrate that geomorphologi-
cal features of atoll lagoons influence the structure and spatial
heterogeneity of benthic invertebrate communities. As under-
lined by Vroom et al. (2005), habitat heterogeneity contributes
to maintaining biological diversity (Levin 1974; Huston 1979;
Diamond 1988), making atoll lagoons areas of particular in-
terest for marine conservation. Among the six habitats distin-
guished a priori during the sampling design of the TYPATOLL
program (Dufour and Harmelin-Vivien 1997), our results
showed that four of these six habitats encompass distinct coral
and mollusc communities. Habitat delineation was different
for echinoderms, principally aggregated on hoa, motu and rim
stations.

The design of marine reserves should ensure that the full
spectrum of biodiversity is protected (representativeness), as
well as its long-term persistence, involving spatial and tempo-
ral dynamics of population connectivity (Cabeza and Moilanen
2001; Cabeza et al. 2004). Even though habitat groups were
defined in terms of abundance, cover and richness as struc-
tured, non-randon associations, species did not show strong
fidelity to particular groups across atoll lagoons. Indeed, there
was a clear relationship between representativeness at the habi-
tat scale and the atoll scale (see Table 2), and it is challenging
to predict specific/generic occurrence (Micheli and Halpern
2005). Thus, protecting either entire atolls as a source pop-
ulation for others, or portions of distinctive habitats within a
set of atolls is not likely to capture the full spectrum of bio-
diversity. Indeed, our survey revealed that for all three taxo-
nomic groups, there were many species that were rare, both

at the habitat and lagoon scale. Therefore, if maintaining bio-
diversity is a primary goal, it is likely that conservation of
French Polynesian atoll lagoons based on the sole criterion of
full representativeness might require selecting the vast major-
ity of lagoonal habitats, for all lagoons concerned. This strat-
egy, however, is not pragmatic and is very likely to violate
economic and social MPA design criteria, such as compati-
bility with existing use of lagoonal resources (Roberts et al.
2003). Indeed, there is an existing history of conflict between
the French Polynesian governments’ will to implement ma-
rine reserves, native Polynesians’ claim to traditional rights
and access to local marine resources, and the tourism indus-
try (Vieux et al. 2004). Protecting lagoons possessing higher
biodiversity might constitute a more pragmatic strategy. Ironi-
cally, those atolls possessing more biological diversity tend to
be the largest (Adjeroud et al. 2000), and sustain larger human
populations (Table 1). The degree of communication between
lagoon and oceanic waters might therefore be a more valuable
criterion in reserve site selection if high biodiversity is a pri-
mary conservation goal.

Determining the connectivity between atoll lagoon com-
munities will soon become critical knowledge in terms of
resource protection. Indeed, atolls vary in their degree of open-
ness to oceanic waters, and Adjeroud et al. (2000) demon-
strated that physical characteristics of the atoll correlate with
the differentiation of lagoonal communities. Because of vari-
ability in lagoonal openness, similarity between benthic inver-
tebrate communities of separate lagoons could be interpreted
as an index of connectivity. In the light of our results, we hy-
pothesize that benthic invertebrate communities within atoll
lagoons are in fact meta-communities, who’s taxonomic com-
positions are due a combination of random colonization events
(Sale 1977), pre-emptive competition and differential survivor-
ship. The degree to which atoll lagoon assemblages behave as
meta-communities nested within the Tuamotu Archipelago re-
mains an important question, and connectivity patterns may
be further investigated as new genetic markers are being de-
veloped. In conclusion, we stress the need to integrate the
strong heterogeneity in benthic community structure at small,
nested spatial scales into the conservation planning of French
Polynesian atoll lagoons.
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