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INTRODUCTION

Loss of biodiversity has been of increasing concern
in recent years. Most of the scientific effort dedicated
to studying species diversity has been devoted to the
terrestrial domain, but marine studies have been on
the increase during the last 2 decades (e.g. Ellingsen
2001, Gray 2002, Gaertner et al. 2007, etc.). The vast
majority of these marine studies only concern benthic
fauna, however. To date, very little is known about the

diversity of open-ocean pelagic fishes (Massuti et al.
1999, Smith & Brown 2002, Worm et al. 2003) primarily
because of the nektonic behaviour of pelagic fish spe-
cies in these large ecosystems and the great difficulty
of regularly accessing pelagic ecosystems to directly
collect diversity data. Up to now, most of the biodiver-
sity data on the pelagic fish communities come directly
from commercial fisheries. While this data collection
system may provide useful and abundant databases, it
also suffers from several drawbacks when it is used for
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pling method) cannot give an exhaustive picture of diversity, they are a fishery-independent survey
method that can complement other sampling techniques and provide reproducible information to
monitor the diversity of these very difficult-to-access pelagic fish communities.
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the purpose of biodiversity studies. For instance, com-
mercial fisheries are usually focused on the capture of
some commercially valuable species and they provide
poorly standardized data restricted to the main fishing
grounds, while very mobile pelagic species occupy
wider areas (Fonteneau et al. 2000). The general lack
of standardized baselines of fisheries-independent
databases that allow derivation of pelagic fish diversity
information strongly limits our ability to assess the
effects of natural or anthropogenic pressure on the
diversity of pelagic ecosystems.

In order to monitor the diversity of pelagic fishes in
an ecosystem, one needs appropriate data and analyti-
cal tools. We here propose and discuss (1) an innova-
tive way for collecting diversity data on pelagic eco-
systems and (2) an analytical framework to define a
set of complementary diversity indices to be used for
monitoring. First, pelagic fish species occupy extensive
areas in the open ocean and are usually too loosely
aggregated to observe well. However, fish aggregat-
ing devices (FADs) are used by fishermen all over the
world in tropical and subtropical areas because they
attract and aggregate many pelagic species (Fonte-
neau et al. 2000, Fréon & Dagorn 2000, Castro et al.
2001, Dempster & Taquet 2004). We hypothesized that
utilizing fisheries-independent observations around
FADs may also help scientists to access and monitor
the diversity of pelagic fish species. Second, several
authors have recently shown in both terrestrial and
benthic marine ecosystems that diversity is a more
complex and multifaceted concept than previously
expected (Purvis & Hector, 2000, Wilsey et al. 2005,
Mérigot et al. 2007a). Here, we propose the first analy-
sis of the multi-component aspect of species diversity
dealing with open-ocean pelagic fishes. For this pur-
pose we investigated the empirical relationships
among 11 indices belonging to 4 of the main compo-
nents of biodiversity (number of species, evenness,
taxonomic diversity and rarity). With this premise, we
discuss the viability of using visual censuses around
FADs to (1) define a ‘short list’ of indices that best
describe the multi-component features of these pelagic
fish communities and (2) monitor the diversity patterns
of pelagic fishes in the future. Finally, we provide the
first baseline measures of pelagic species diversity in
the Western Indian Ocean using this approach.

MATERIALS AND METHODS

Experiments and sampling design. We used data col-
lected within the framework of the European pro-
gramme FADIO (Fish Aggregating Devices as Instru-
mented Observatories of pelagic ecosystems). Five
offshore cruises were performed around the Seychelles

archipelago between 2003 and 2005 at the end of the
southeast monsoon season (September 2003 and Octo-
ber 2004 and 2005) and in the middle of the northwest
monsoon season (February 2004 and 2005). A total of 22
standardized underwater visual fish censuses made
around different drifting FADs were analyzed. The gen-
eral area of study expanded around the Seychelles arch-
ipelago, from 0° 01’ N to 9° 06’ S, but 20 of the 22 cen-
suses were located between 2° 10’ S and 6° 49’ S, and
49° 48’ E and 57° 58’ E (Fig. 1). We therefore assumed
that our samples came from the same oceanic region. We
visited existing drifting FADs that had been deployed by
commercial tuna purse seiners. From this aspect, this
sampling design is comparable to diversity studies using
observers’ data onboard commercial vessels (e.g. Worm
et al. 2003), where the spatial strategy of sampling is
dictated by fishermen and not scientists. Moreno et al.
(2007) have shown from empirical knowledge of fisher-
men that non-tuna species (i.e. the species sampled in
the present study, see below) seem to begin aggregating
to drifting FADs a short time after deployment (within
1 to 3 wk). Although the exact ‘ages’ of the 22 FADs of
the present study were not known, we know that they
were at least 3 to 4 wk old, based on information pro-
vided by the fishermen who gave us the locations of the
FADs. Of course, an ‘old’ aggregation could have been
fished just before our visual survey by another boat other
than those of the owner of the FAD. Most of the time, the
aggregation does not re-start from scratch, as a lot of
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fishes remain around the FAD (for instance, small spe-
cies are not captured by the purse seine net). In our case,
such a situation was unlikely because when fishing of a
FAD belonging to a different ship occurs, the electronic
tag that provides geographical position of the FAD is re-
placed by the ‘new owner’, making the FAD inaccessible
to us. In addition, we only observed limited signs of pos-
sible recent fishing (skin scars on a very limited number
of fishes) on only 2 out of the 22 FADs visited, and those
aggregations were not different from the others. We
therefore consider that the FADs surveyed were ‘old’
FADs comparable in terms of their aggregations.

Dives were performed by divers equipped with
SCUBA. One diver, always the same for the whole set
of visual censuses, noted all the species encountered
along with their abundance estimates. An initial scan
of the surface waters was made to identify and count
small intranatant species, i.e. those that live in close
association (<0.5 m; Parin & Fedoryako 1999) with the
FAD. For these species that inhabit the first 2 m from
the FAD, the minimum size observed was 10 mm
(divers could easily approach those species for accu-
rate identification). Divers would then descend to a
depth of 15 m below the FAD which allowed them to
visually survey deeper waters to ca. 30 m. This method
is comparable to the stationary point-count technique
commonly used in demersal and reef visual censuses
(Samoilys & Carlos 2000). The depths of the divers
(0 to 15 m) and the visibility of the waters defined the
semi-spherical volume of water centered on the FADs
(horizontal radius of 25 m and a vertical radius of
30 m). The duration of each underwater visual census
was standardized at 30 min (Taquet et al. 2007). Direct
abundance estimates of individuals by species were
conducted when fish schools consisted of less than
50 individuals, while more abundant species were esti-
mated by assigning them to abundance classes. Each
underwater visual census was complemented by a
recording with an underwater video camera. The diver
with the video camera would first record each fish spe-
cies found in close aggregation with the FAD and then,
from a stationary point 15 m below the FAD, would
slowly spin around 360° and film all the fishes swim-
ming around that position (Taquet et al. 2007). The
video camera was equipped with a wide angle lens to
better estimate the abundance of schooling species.
Videos were immediately viewed after each survey to
verify the species lists and refine abundance estimates
made underwater by the main diver.

Circumnatant species (i.e. species with an aggre-
gation radius of a few hundred meters from the FAD,
like tropical tuna; Parin & Fedoryako 1999, Fréon &
Dagorn 2000) and species usually found deeper than
50 m were occasionally observed but not included in
the analyses. We considered that our sampling tech-

nique was not appropriate to accurately estimate the
presence and abundance of such species.

Diversity indices and statistical analyses. We inves-
tigated the diversity patterns of pelagic fish assem-
blages through the simultaneous analysis of 4 major
components of diversity (1) species richness, (2) rarity,
(3) evenness and (4) species taxonomy.

We first analysed the number of species, which is still
the most widely used component of diversity in both
marine and terrestrial ecosystems (Rosenzweig 1995,
Gaston & Spicer 1998, Gaertner et al. 2005). Because
species richness is highly sensitive to sampling effort
(Gaston & Spicer 1998), we checked that variations in
the duration of the 22 visual censuses did not affect
values in species richness through a chi-squared test
of independence (p > 0.05). Thus, we considered the
number of species per visual census as a measure of
species density (S) (Table 1). In addition, we computed
Margalef’s species richness index (Dmg) (Margalef
1958), which adjusts the number of species according
to the total number of individuals sampled in each
census. Further, we carried out rarefaction curves to
roughly assess the degree of exhaustivity of our sam-
pling effort. Rarefaction curves plot the cumulative
number of species recorded as a function of sampling
effort, which was taken as the number of individuals
observed (for individual-based curves) or the cumula-
tive number of samples (for sampled-based curves).
Rarefaction curves were produced by repeatedly and
randomly re-sampling (20 times) a pool of N1 visual
censuses for the sample-based curve (or a pool of N2

individuals for the individual-based curve) plotting the
average number of species represented by 1, 2, …, N1

visual censuses (or N2 individuals).
Second, we considered rarity, which is a component

that is extensively used in conservation studies. Rarity
is usually defined on the basis of the level of species
local abundance or the species range size (occurrence),
but whatever the approach used, definitions of rarity
are necessarily arbitrary (Gaston 1994). Because spe-
cies with a restricted range are usually the most vul-
nerable to environmental change (Thomas & Mallorie
1985), the species range size criterion has been the
most widely used for conservation purposes. Hereafter,
rare species are those that occurred in less than 5% of
the 22 visual censuses. Three species were below this
threshold and thus considered as rare in the present
study (Fig. 2).

Third, we analysed the evenness component of di-
versity. We considered 2 indices of evenness (Table 1).
The Heip’s evenness index (EHeip) (Heip 1974) was
computed because it is assumed to be mainly sensitive
to variation in rare species (Beisel et al. 2003) and is
less sensitive to variation in the number of species
(Smith & Wilson 1996) than the most widely used even-
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ness index, the Pielou index (J ’), which is also based
on the Shannon-Wiener index (H ’) (Shannon & Weaver
1949). Complementary to the Heip index, we com-
puted the Berger Parker index (d) (Berger & Parker
1970) because it is only sensitive to variations in the
most dominant species. Here, we computed 1/d which
increases when abundances are evenly distributed
(maximum diversity) among the species and decreases
with dominance.

We also computed 2 heterogeneous indices, H ’ and
the Simpson concentration index (D) (Simpson 1949),
which combine both the number of species and even-
ness components in a single value (Table 1). H ’ is
assumed to be sensitive to the changes in abundance
of rare species while D is heavily weighted towards the
dominant species and is less sensitive to species rich-
ness than H ’ (Boyle et al. 1990). We used Simpson
diversity (1 – D), rather than D, which increases in

value with diversity. Although they are not focused on
a single diversity component, we used these 2 very
popular heterogeneous indices to facilitate compar-
isons of our results with other works.

Fourth, we computed 4 taxonomic indices proposed
by Warwick and Clarke (see Table 1) that quantify the
taxonomic diversity of a faunal assemblage in terms of
average distance of all pairs of individuals (or species)
in a sample by tracing these distances through a Lin-
naean taxonomic tree. Each of these indices has spe-
cific properties. The taxonomic diversity (Δ) is the aver-
age distance (path length) traced through the
taxonomic tree between every pair of individuals in
a sample, including the individuals which belong to
the same species, whereas taxonomic distinctness (Δ*)
considers individuals which only belong to different
species (Warwick & Clarke 1995). In comparison to Δ,
Δ* is expected to be more closely a function of pure
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Table 1. Species diversity components and descriptors studied. xi (i = 1, ..., S ) denotes the abundance of the i th species, N (= Σ
i
xi)

is the total number of individuals in the sample, pi (= xi N –1) is the proportion of all individuals belonging to species i, Nmax is the
number of individuals of the most abundant species, ωij is the ‘distinctness weight’ given to the path length linking species i to the
first common node with species j in the hierarchical classification. Double summations are over all pairs of species i and j (note
that the distance between 2 individuals of the same species is set to 0). Indices based on presence–absence data are marked by a

Component Descriptor name Formula Expected properties Source

Species richness Species densitya S = number of species Standardize species 
by visual census richness per unit area

Margalef Adjusted species richness by N Margalef (1958)

Rarity Raritya Rarity = no. species Define rarity in terms 
with <5% occurrence of species range size 

Evenness Heip Sensitive to rare species Heip (1974)

Berger Parker Sensitive to dominant Berger & Parker 
species (1970)

No. of species Shannon-Wiener Sensitive to rare species Shannon & Weaver 
+ evenness (1949)

Simpson diversity Sensitive to dominant species Simpson (1949)

Species taxonomy Taxonomic diversity Extension of D including Warwick & Clarke 
taxonomic relatedness (1995)

Taxonomic Form of Δ limiting the Warwick & Clarke 
distinctness influence of species dom- (1995)

inance, reflecting pure 
taxonomic relatedness

Average taxonomic Equivalent to Δ and Δ* Clarke & Warwick 
distinctnessa in presence–absence data (1998)

Variation in taxo- Evenness of the taxonomic Clarke & Warwick 
nomic distinctnessa level distribution in the (2001)
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taxonomic relatedness of individuals (Clarke & War-
wick 1998).

Because sampling presence–absence data can be
easier and less time consuming than collecting abun-
dance data, we also investigated a third taxonomic
index (Δ+) in order to study the possible ‘loss of infor-
mation’ with respect to the previous taxonomic
indices requiring abundance data. Δ+ can be consid-
ered as the average distance traced through a taxo-
nomic tree between each pair of species in the pres-
ence–absence dataset (Clarke & Warwick 1998). In
addition, we applied the index of variation in taxo-
nomic distinctness (Λ+), which is based on the even-
ness of the taxonomic level distribution in a taxonomic
tree and is calculated as the variance of Δ+ (Table 1).
There are 2 main methods to define (ωij), which is the
weight given to the path length linking species i and j
in the taxonomic tree (Clarke & Warwick 1999).
Rogers et al. (1999) showed that Δ+, calculated with
and without ωij, modified to reflect the quantitative
reduction in taxon richness, was strongly correlated.
Thus, we adopted the simplest form of ωij with equal
step-lengths between each successive taxonomic
level, setting the ωij at 100 for 2 species connected at
the highest (taxonomically coarsest) possible level
(Clarke & Warwick 1999).

Two sample t-tests for unequal variance distributions
(i.e. Welch’s test) were carried out to investigate the
effects of the sampling season on the variation of each
of the selected descriptors of diversity. We also investi-
gated with the same method our assumption that the
sampling zone was homogeneous. Due to the relatively
small sample size, the distributions of Welch’s statistics
under null hypothesis were obtained by randomisation
(n = 500). The north–south comparison of the study
zone was done on either side of latitude 4.5° S, and the
east–west comparison was done on either side of lon-
gitude 55° 30’ E. The limited number of visual censuses
did not allow the analysis of the sampling zone effect at
a finer scale.

Finally, a 2-stage procedure was carried out to iden-
tify both redundant and complementary descriptors
of diversity. In a first stage, we analysed the multi-
component structure of pelagic fish diversity through
the use of principal component analyses (PCA). Be-
cause atypical values of some descriptors could strongly
influence the correlation coefficients based on abun-
dance data, we carried out a PCA based on the
Spearman’s rank correlation matrix (Jolliffe 1986). This
consists in computing a classical PCA on the ranks of
diversity indices values. The projection of diversity
indices onto the factorial axes of the PCA allows access
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Fig. 2. Taxonomic tree of observed pelagic fishes (see electronic appendix for an illustration at www.int-res.com/articles/suppl/
m366p175_app.pdf. Rare species are asterisked

http://www.int-res.com/articles/suppl/m366p175_app.pdf
http://www.int-res.com/articles/suppl/m366p175_app.pdf
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graphically to an overall perception of the correlations
between the indices. However, it does not represent
the exact reality of these correlations, but only a less
distorted description of them. Consequently, in a sec-
ond stage we completed the procedure by an in-depth
analysis of the Spearman rank correlation matrix
which gives the pairwise correlations values between
all the indices studied. The Spearman’s correlations
matrix produced less accessible but more precise infor-
mation on the correlations between the indices stud-
ied. More detailed information on both the indices and
the approach carried out in the present study can be
found in Mérigot et al. (2007a). Taxonomic indices
were computed using the PRIMER software (Clarke &
Gorley 2001), while all the other indices and statistical
analyses were performed using R software (version
2.6.2, R Development Core Team 2008).

RESULTS

A total of 58 970 individuals, belonging to
27 fish species (25 teleosts and 2 elasmo-
branchs) and 14 families, were found in the
22 visual censuses analysed (Fig. 2). Rar-
efaction curves were constructed to deter-
mine whether the sampling effort, taken as
the number of individuals observed (for in-
dividual-based curves, Fig. 3a) or the cu-
mulative number of samples (for sampled-
based curves, Fig. 3b), could adequately
estimate species richness in the study zone.
In both cases, the curves did not fully sta-
bilise towards asymptotic values (Fig. 3).
Nevertheless, while there was no sign of
having collected all the potential species,
our result also suggests that increasing the
sampling effort would only result in a slight
increase in number of species observed.

Mean values of each species diversity
index were mentioned to provide a base-
line state in order to monitor future
changes in species diversity at this study
zone (Table 2). The coefficients of variation
for each index of diversity, generally under
0.50, suggest quite low variability in the
estimation of the diversity index values in
the entire zone and period studied. The
only exception concerned the index of rar-
ity for which the coefficient of variation
reached 2.50. The number of species found
during each visual FAD census varied
between 7 and 18, with a mean value (SD)
of 12.27 (2.29). The mean value of d was
0.4032, showing that the dominant species

took into account an average of ca. 40% of the total
abundance observed.

Welch’s test carried out separately on each diversity
descriptor showed no significant seasonal sampling
effect (Table 2, p > 0.05). Although based on a limited
number of censuses (10 and 12 censuses for the north-
west monsoon season and the southeast monsoon sea-
son, respectively), these results suggest that pelagic fish
diversity did not strongly vary with seasons in the study
zone. We also roughly assessed the spatial variation of
each index within the study zone. Welch’s tests carried
out separately on each diversity descriptor showed no
significant spatial sampling effect, except for rarity be-
tween the northern and southern zones (p = 0.01). This
latter result was explained by the fact that the only 3
stations containing rare species in the study zone were
located in the northern zone. With the exception of rar-
ity, this result suggests that diversity indices do not
strongly vary within the entire study zone.
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Fig. 3. (a) Individual-based species rarefaction curves and (b) sample-based 
species rarefaction curves (20 random permutations of the data)

Table 2. Mean value and coefficient of variation of the diversity indices.
Welch’s test for ‘sampling season’ and ‘sampling zones’ (north vs. south and
east vs. west) effects. Indice codes as in Table 1. Significant values (p < 0.05) 

are marked by an asterisk

Mean CV Season North–South East–West
t p t p t p

S 12.27 0.18 0.05 0.49 0.03 0.54 –0.140 0.54
Dmg 1.55 0.21 0.03 0.46 –0.400 0.67 0.26 0.37
H ’ 1.32 0.35 0.60 0.28 0.18 0.43 0.68 0.23
1 – D 0.62 0.36 0.56 0.30 0.04 0.44 0.59 0.29
EHeip 0.29 0.55 0.35 0.33 0.57 0.28 0.42 0.34
1/d 2.48 0.35 0.24 0.43 0.15 0.43 0.21 0.42
Δ 40.54 0.38 –0.230 0.62 0.49 0.31 0.52 0.30
Δ* 64.10 0.14 –1.910 0.96 1.17 0.12 –0.060 0.54
Δ+ 67.13 0.05 0.48 0.30 –2.450 0.98 1.72 0.07
Λ+ 311.400 0.21 0.64 0.26 –0.230 0.59 0.29 0.41
Rarity 0.14 2.50 –0.440 0.43 1.88 0.01* 0.74 0.07
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The projection of indices onto the correlation circle
of the PCA allowed us to graphically display different
groups of diversity indices (Fig. 4). The first 4 principal
components accounted for 81.8% of the total inertia.
The first principal component (38.3%) was highly cor-
related with all evenness indices (EHeip and 1/d ), the 2
heterogeneous indices (H ’ and 1 – D) and with one of
the taxonomic diversity indices (Δ). The second princi-
pal component (17%) was mainly explained by the 2
indices focused on the number of species (S and Dmg).
These 2 descriptors were not significantly correlated
with the other indices (see Table 3). These results indi-
cate that information provided by the number of spe-
cies (S and Dmg) on species diversity patterns of pelagic
fishes is clearly different from that given by the other
diversity descriptors. The projection of the 3 other tax-
onomic indices (Δ*, Δ+ and Λ+) and rarity showed that

none of these indices contributed to the first 2 principal
components. In contrast, they played a stronger role
in the formation of axis 3 (14.6%) and axis 4 (11.9%,
Fig. 4b).

The Spearman’s correlations matrix provides more
precise information on the correlation among the
indices studied. The weak Spearman’s correlations
observed between rarity, Δ*, Δ+ and Λ+ (see Table 3)
confirmed the PCA results that each of them provided
complementary information on pelagic fish species
diversity in the study zone. Spearman’s correlations
also confirmed that Δ was highly correlated with both
the evenness and the heterogeneous indices. In addi-
tion, Δ appeared to be significantly correlated with Δ*.
This latter correlation was not obvious on the first 4
axes of the PCA. It illustrates that the single use of
PCA results failed to precisely represent all the corre-
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Fig. 4. Projection of the diversity indices onto (a) the first factorial plan (axis 1 horizontal, axis 2 vertical) and (b) the second 
factorial plan (axis 3 horizontal, axis 4 vertical). Indices codes as in Table 1

Table 3. Spearman’s rank correlation matrix between the 11 selected diversity indices. All significant correlations are marked 
by an asterisk (p < 0.05). Indices codes as in Table 1. Boxes show indices that are significantly correlated

S S
Dmg 0.63* Dmg

H ’ 0.06 0.24 H ’
1 – D –0.12 0.01 0.92* 1 – D
EHeip –0.39 –0.13 0.85* 0.89* EHeip

1/d –0.12 –0.02 0.76* 0.92* 0.74* 1/d
Δ –0.07 0.06 0.57* 0.69* 0.63* 0.75* Δ
Δ* –0.06 –0.12 0.03 0.10 0.17 0.15 0.65* Δ*
Δ+ –0.08 0.21 –0.03 –0.02 0.08 –0.08 0.19 0.27 Δ+

Λ+ 0.12 –0.36 –0.17 –0.05 –0.12 0.0 0.10 0.35 –0.05 Λ+

Rarity –0.15 –0.07 0.03 –0.09 0.03 –0.20 –0.11 0.05 0.0 –0.19 Rarity
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lations between indices and then to draw a repro-
ducible typology of the indices. In contrast, the simul-
taneous analysis of PCA and Spearman’s correlation
coefficients provided a basis for grouping the 11 spe-
cies diversity descriptors studied into 6 complemen-
tary components of diversity: (1) number of species (S
and Dmg), (2) evenness (EHeip, 1/d , H ’, 1 – D), (3) rarity
and 3 components based on taxonomy: (4) Δ* (5) Δ+

and (6) Λ+. Note that Δ might belong to 2 different
groups as it showed strong and significant correlation
with both the evenness group and with Δ*. All the
other indices studied belonged to a single group of
descriptors.

DISCUSSION

The present study is the first to assess pelagic fish
diversity from data on fish aggregations around drift-
ing FADs. Independently of the sampling techniques
used, it is also the first one to propose the simultaneous
analysis of several components of pelagic fish diversity
to better capture the complexity of the diversity of
open-ocean communities. The few publications pro-
viding assessment of pelagic fish diversity are restricted
to describing species richness (Massuti et al. 1999,
Smith & Brown 2002, Worm et al. 2003). Only Deudero
et al. (1999) analysed 2 components of pelagic fish
diversity in a coastal area of the Mediterranean Sea,
but they restricted their analysis to species richness
and evenness. To our knowledge, taxonomic indices
have never been calculated for pelagic fish assem-
blages to date.

A comment on sampling effort

It is worth noting that fishery-independent data are
always much less abundant than fishery-dependent
data due to the difficulty and cost of accessing open-
ocean areas in research vessels. This is the reason
why the present study is restricted to 22 visual cen-
suses. While such an effort is unique in the world, for
a sampling design based on a set of standardized
visual censuses in the open ocean, we acknowledge
that it may be insufficient to address biological and
ecological conclusions about the observed distribu-
tion of species diversity, and this would clearly be
beyond the scope of the present study. In contrast,
despite a limited sampling effort some of our results
suggest that our approach may provide a representa-
tive picture of species diversity for the zone and
period studied.

Firstly, while rarefaction curves did not reach an
asymptotic maximum, we have to keep in mind that

such a limitation is a general result (Margules &
Pressey 2000), which also traditionally occurs in other
environments and with larger databases (see an illus-
tration in a study of Mediterranean groundfishes based
on ~600 trawl hauls, Gaertner et al. 2007). In the pre-
sent study it is more important to note that the rare-
faction curves also suggested that increasing the sam-
pling effort would have probably revealed only few
additional species, showing that the area studied has
been thoroughly sampled by the set of 22 visual cen-
suses. Consequently we can expect that increasing the
sampling effort would not have strongly modified our
assessment of species richness indices. Secondly, we
found both a general low variability for each index
(except for rarity, see CV in Table 2) and non-signifi-
cant seasonal and spatial variability for the 11 diversity
indices considered. The only exception still concerned
rarity (for the north–south effect). Except for this index,
our results suggested that the size of our sampling
effort was large enough to provide a reproducible
characterization of each independent pelagic fish
diversity component considered for the period and
zone studied.

The multi-component structure of pelagic fish
diversity

The whole set of diversity indices considered in the
present study may be split into a few distinct and
complementary groups of descriptors of pelagic fish
diversity. This result shows that a single index, such
as the species richness or Shannon-Wiener, cannot
provide a complete description of the pelagic fish
species diversity in the study zone. It demonstrates
the multi-component aspects of species diversity sug-
gested by theoretical studies (Purvis & Hector 2000),
but explicitly shown only in a limited number of
experimental studies (Wilsey et al. 2005, Mérigot et
al. 2007a,b) and never, to date, for pelagic fish
assemblages. While our study dealt with 4 theoretical
components of biodiversity, we displayed 6 comp-
lementary groups of descriptors. These results em-
phasize that some components of pelagic diversity
are multi-components themselves and therefore re-
quire the simultaneous use of several complementary
indices in order to be accurately described and moni-
tored.

On the other hand, when a component can be
described by several redundant indices, we propose
selecting the index that is most intuitively simple to
understand and easy to calculate. For instance, Berger-
Parker index 1/d , which is simple to understand and
easy to measure (the identities of species other than
the most abundant species do not need to be deter-
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mined), might be a good candidate for summarizing
the evenness component of diversity in a single value.
With regard to species richness S and Margalef Dmg,
the same kind of strategy could be done for selecting S
rather than Dmg. This reasoning is clearly a step to-
wards the approach stressed by Purvis & Hector (2000)
stating that ‘the stronger the correlations between
diversity indices, the more reasonable it will be to
reduce multiple measures to a few principal compo-
nents, to create dimensions of diversity’. This led us to
propose a preliminary short list of diversity indices
based firstly on their complementarity and secondly on
their simplicity. In the present study, species diversity
around FADs could be simultaneously described by:
(1) S, (2) 1/d , (3) Δ*, (4) Δ+, (5) Λ+and (6) rarity. Never-
theless, we have to keep in mind that rarity showed a
high variability, suggesting that our sampling effort
may not be suitable for properly assessing this index.
More generally, whatever the ecosystem and the sam-
pling effort, definitions of rarity, including ours, are
based on subjective choices (Gaston 1994, Magurran
2004, Mérigot et al. 2007a), and this concept should be
used carefully.

From a conservation perspective, our results sug-
gest that the complementary diversity indices may
not respond in the same way to natural and anthro-
pogenic factors, making the forecast of impact diffi-
cult without consideration of all these descriptors.
Along with other information (distributional patterns
of fishing fleets and of the main targeted species,
size-structure, etc.), the monitoring of this set of
complementary diversity indices could help fishery
managers make management decisions, such as the
design and location of marine protected areas.
However, although the nature and the number of
diversity components we found in open-ocean FADs
are very similar to those described for groundfishes
in the North Mediterranean Sea (Mérigot et al.
2007a,b), we cannot consider this short list as a uni-
versal one for describing fish diversity. The present
analytical approach should be applied to other areas
and communities in order to define to what extent
the relationships we observed could be generalized.
In addition, the set of initial diversity indices com-
puted in a study (here the set of 11 indices) cannot
be easily defined a priori. The selection of the initial
components and descriptors to be used to describe
species diversity should depend on both the objec-
tives of the study and the nature of the available
data (presence–absence or abundance data, knowl-
edge of some biological traits for the whole assem-
blage under study, etc.). Our approach has the
advantage of being flexible and allows the possibility
of defining (and modifying) the list of indices and
components initially computed.

Assessing the fish pelagic diversity from data
collected under FADs, pros and cons

Diversity studies are often strongly affected by the
sampling techniques (Magurran 2004) and no sam-
pling technique can be considered perfect. The use of
visual census around FADs as an approach for
analysing fish community diversity in the pelagic envi-
ronment depends on 2 assumptions. The first is that
FAD constitutes a relevant tool to efficiently estimate
the species diversity of pelagic fishes. Castro et al.
(2001) found records of 333 species (96 families)
observed at least once around drifting or anchored
FADs. However, in accordance with several studies
conducted at a regional scale on the basis of a single
sampling technique, our results showed that there is
evidence for ‘regular’ presence of less than 30 families
around FADs, confirming what has been found by
other authors (Kingsford 1993, Deudero et al. 1999,
Massuti et al. 1999, Romanov 2002). This clearly sug-
gests that the behaviour of fishes regarding FADs may
vary according to the species and that only some spe-
cies seem to have strong attraction tendencies to FADs,
forming aggregations. But the fact that fishes have dif-
ferent behaviours regarding FADs simply indicates
that FADs cannot be used to assess the full species
richness of fish pelagic assemblages, but should be
limited to monitor the diversity of a subset of pelagic
species. It is important to note that samplings made by
fishing vessels respond to similar constraints: the selec-
tivity of each fishing gear depends on the behaviour of
each species, some being very vulnerable to the fish-
ing gear, while others are not.

The second assumption is that visual censuses by
divers efficiently estimate the species diversity of fish
around FADs. Underwater visual census techniques
have been extensively used to assess fish assemblage
structure in coastal benthic ecosystems, in both tem-
perate and tropical areas (e.g. Samoilys & Carlos 2000).
In contrast, this technique has not been used to esti-
mate the structuring of pelagic assemblages in oceanic
waters. The use of visual censuses in the pelagic
domain not only shares some drawbacks with benthic
surveys, but it also presents additional challenges.
Given that diving is constrained by depth and dura-
tion, visual censuses are limited to the shallowest part
of the water column (epipelagic domain). In addition,
visual censuses are strictly limited to counting diur-
nally active species, missing nocturnal aggregations if
they occur. Furthermore, even if water clarity is usually
better in oceanic waters than in coastal ecosystems,
visibility limitations led us to restrict the sampling cen-
sus to a short semi-spherical volume of water centered
around the FAD (here with a horizontal radius of 50 m
and a vertical radius of 30 m). Whatever the conditions
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we could expect in other oceanic waters, our technique
will never allow a reproducible estimation of circum-
natant fishes (i.e. species associated with a FAD that
are usually found aggregated far away from the FADs),
such as tuna. Also, species living in very large schools
(thousands of individuals), a common situation in the
pelagic domain, might be underestimated in visual
censuses, as divers may have difficulty both observing
the entire school and estimating the number of individ-
uals in a school (see electronic appendix at www.int-
res.com/articles/suppl/m366p175_app.pdf). In the pre-
sent study, we employed abundance classes when the
number of individuals counted for a single species was
more than 50. Although we cannot obtain a precise
count for the most abundant species, the simultaneous
use of both direct observations by divers and video
recording allowed us to estimate the order of magni-
tude of the potential inaccuracy of this assessment.
Underwater acoustic techniques (echo-sounders)
would be more appropriate than visual censuses to
assess the size of large fish schools, such as those of
tuna (Josse et al. 1999). While acoustic survey tech-
niques are valid for only a small number of species and
are not sufficient on their own to measure the diversity
of pelagic fishes, they could complement visual cen-
suses carried out at FADs.

Otherwise, visual censuses carried out in the pelagic
open water are free from several constraints tradition-
ally encountered in benthic reef environments. One of
the major problems with visual censuses carried out in
coastal reef ecosystems is the difficulty of assessing the
numerous species that live within the reef structure
(Harmelin-Vivien et al. 1985, Tessier et al. 2005).
These fishes occupy spaces within the coral reef struc-
ture and are very difficult to observe, and therefore
indices based on abundance and on presence–absence
data may be largely underestimated. In reef ecosys-
tems, mimetic processes, which are very common, can
provide another difficulty for accurately assessing
diversity (Harmelin-Vivien et al. 1985). While some
pelagic species also might develop mimetic colouring
during juvenile stages (see Castro et al. 2001), this
phenomenon is limited and should not significantly
affect visual censuses in the pelagic waters. The den-
sity of species inhabiting pelagic environments is
lower than in benthic ecosystems, particularly in coral
reefs. As a consequence, diversity descriptors based on
presence–absence data (species density, Δ+, etc.) are
probably less biased by visual censuses performed in
the pelagic domain than in the benthic domain.

Our analysis showed that visual censuses of fish
communities at FADs cannot provide a complete and
exhaustive measure of pelagic fish diversity in the
open ocean. In the present study, we omitted both cir-
cumnanant fishes and species commonly found in

waters deeper than 50 m, and by so doing we elimi-
nated some species playing important roles both for
fisheries (e.g. some tuna) and for the functioning of the
ecosystem (e.g. some top predators). However, this
does not invalidate the potential use of visual of cen-
suses at FADs to monitor the fish diversity in pelagic
ecosystems, since ‘relative’ indices of biodiversity can
be used. Indeed, because of the complexity of properly
assessing biodiversity, regardless of the ecosystem,
Margules & Pressey (2000) highlighted the need to use
surrogates such as subsets of species as measures of
biodiversity. These authors stated ‘that surrogates or
partial measures of biodiversity must be used to esti-
mate similarity or difference among areas within a
planning region’. To do so, it is necessary to carefully
characterize the species assemblage accessible to
visual census techniques. In this respect, our approach
allowed us to focus the present study on a very well-
delimited assemblage of species: the part of the
pelagic fish community (1) living in the epipelagic
domain, (2) naturally attracted to FADs and (3) aggre-
gated in the vicinity of FADs during daytime (i.e. intra-
and extranatant species according to Fréon & Dagorn
2000). Some of these species are common by-catch in
pelagic fisheries (including industrial purse seiners).
Thus, performing standardized visual census surveys
under FADs might constitute a fruitful approach for
monitoring the effects of overfishing, climate change
and other forms of human impacts on this surrogate of
the pelagic biodiversity in tropical oceans.

Techniques other than visual censuses, notably data
collected on commercial fishing vessels by scientific
observers, could also be used to sample fish diversity
around FADs and complement data from visual sur-
veys. The main advantage of fishery observers’ data on
drifting FADs is that they could be easier to collect and
therefore could provide larger databases than fishery-
independent sampling techniques. Purse seine data
would be very valuable in this respect. One advantage
is that purse seiners sample a wider variety of circum-
natant fishes. However, purse seining misses most of
the small individuals that escape through the mesh
(see Romanov 2002). Similarly, Worm et al. (2003) used
scientific observer records from pelagic longline fish-
eries in the Atlantic and Pacific Oceans. They recog-
nized that if pelagic longlines catch a wide range of
species over vast areas, they only sample the largest
individuals vulnerable to baited hooks. Thus, it is not
surprising to note that the vast majority of species
observed in the present study are not caught by long-
liners and were not included in the Worm et al. (2003)
analysis. More generally, the use of commercial fishing
gear (e.g. purse seine, trawl, longline, etc.) for sam-
pling pelagic fish communities falls quite short of
meeting the requirements for describing species diver-
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sity (similar availability and catchability of pelagic
species, random sampling, etc.). The use of fisheries-
dependent techniques are notably limited to commer-
cially fished areas, as no fishery observer data exists
for areas outside commercial fishing grounds. Finally,
the sampling is driven by the behaviour of fishermen,
which makes sampling standardization difficult and
thus limits the use of such data for monitoring diversity
in both space and time. In the present study, FADs
were deployed by fishermen, but one can envision the
deployment of scientific FADs totally independent of
fishermen activities.

In short, each sampling technique (including visual
surveys around FADs) might only provide relative val-
ues of pelagic biodiversity, and it would be wishful
thinking to imagine that a single sampling technique
might achieve an exhaustive assessment of fish diver-
sity in open-ocean environments. We think it is more
reasonable to view each sampling technique as limited
to characterizing part of the diversity of the pelagic
ecosystem. In this context, our visual census approach
could complement traditional techniques that are
based on commercial catches. We are conscious that
conducting visual censuses around FADs that may be
far away from any land can involve knowledge, logis-
tic and financial constraints. The development of
appropriate automated instrumented buoys that could
catch the main components of fish aggregations would
greatly improve the collection of data. Anyway, we
have shown that even restricted sampling sizes (22
samples) can provide reliable data as a basis for char-
acterizing most of the diversity components in an area.
We consider that it is urgent to develop large-scale
projects that collect and combine fishery-dependent
and fishery-independent data in order to improve our
ability to efficiently monitor the diversity of open-
ocean waters in the future. The monitoring of FADs
can provide a precious help in achieving this ambitious
goal.
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