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ABSTRACT Tuna distribution may be directly linked to food availability, the density of which can be 
assessed by echo-sounding. A study was performed in the French Polynesian EEZ (Economic Exclusive 
Zone) between 1995 and 1997 with a 38 kHz echo sounder working down to 500 m depth. With the 
settings used, acoustic back-scattered energy may be considered as representative of micronektonic 
fish biomass and provided information on horizontal and vertical micronekton variabilities and the 
structure of the echograms. Three different zones were defined by multivariate analysis. The classical 
biomass decreasing gradient from the equator to higher latitudes did not appear. Instead, the maximum 
micronekton abundance was found between Marquesas Archipelagos and a west-northwestleast- 
southeast oriented line stretching between 11 and 14" S, i.e. in a weak convergence, favourable to 
micronekton development due to the concentration of lower trophic levels with no oxygen limitation in 
the deep layers. Two zones with very different hydrological features, but with comparable micro- 
nektonic abundances, surround the richest micronekton zone. To the north, waters are enriched by the 
equatorial upwelling, but intense organic matter remineralisation limits oxygen availability under the 
thermocline. To the south, waters are influenced by the great southern gyre and present oligotrophic 
characteristics less favourable to micronekton development. The present results suggest that prediction 
of tuna forage distribution should take not only trophic parameters into account, but also environmen- 
tal ones. They also suggest that echo-sounding data should be used more extensively in the validation 
of models predicting tuna forage. 
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INTRODUCTION 

The French Polynesian EEZ (Economic Exclusive 
Zone) is located in important longline fishing grounds, 
mainly for bigeye (Thunnus obesus), yellowfin (Thzm- 
nus albacares) and albacore tuna (Thunnus alalunga) 
(Fonteneau 1997, see his Fig. 2.7). Since these fish 
have a high metabolic demand (Kitchell et al. 1978, 
Olson & Boggs 1986), their distribution may be gov- 
erned by food availability (Sund et al. 1981), particu- 
larly in oligotrophic areas. Fishes, molluscs and crus- 
taceans (size-class of 1 to 10 cm) of the micronekton 
are the main tuna prey (Blackburn 1968, Sund et al. 
1981 ). Micronekton distribution and composition have 
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been studied in some parts of the Pacific (Blackburn 
1968, Young et al. 1996a,b) but remain poorly studied 
in the central South Pacific; the principal investigation 
was carried out by Legand et al. (1972) but, unfortu- 
nately, micronekton spatial distribution was mainly 
described in the vertical plane and from pelagic trawls. 
However, micronekton biomass and composition 
studies are known to be biased by this type of sampling 
(Power 1996), particularly for micronektonic fishes, 
which are difficult to catch with existing techniques 
(Roger 1994). Other strategies have, therefore, been 
developed in micronektonic fish studies, and include 
modef ig  and echo-sounding. For example, Lehodey 
et al. (1998) predicted tuna forage with a coupled 
3-.dimensional dynamical/biogeochemical model. This 
type of model may be useful in predicting tuna forage 1 

on a large shale. However, it assumes that tuna forage 
--. . I  
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directly depends on zooplankton abundance. Acoustic 
surveys, on the other hand, allow a 2-dimensional and 
continuous approach to the pelagic habitat and are a 
good tool when studying the distribution of micronek- 
ton. For example, Marcha1 et al. (1993), Roger & Mar- 
chal (1994) and Marchal & Lebourges (1996) used 
acoustics to study the behaviour and distribution of 
Vinciguerria nimbana, the main tuna prey south of 
Liberia in the Tropical Atlantic. This method was also 
used on dolphin prey by Fiedler et al. (1998). 

In the present study, acoustics are used to describe 
the distribution of micronekton in relation to oceano- 
graphic features found in the French Polynesian EEZ, 
which are the great southern anticyclonic gyre in its 
southern part and the equatorial upwelling in its north- 
ern part. The aim of this study is to provide a typology 
of micronekton distribution as described by acoustic 
surveys in a quantitative and qualitative way. In order 
to understand tuna forage occurrence, micronekton 
distribution will subsequently be matched with present 
knowledge of the oceanographic features: ocean circu- 
lation (Wyrtki & Kilonsky 1984, Rougerie & Rancher 
1994), amount of nutrients and oxygen distribution 
(Murray et al. 1995, Pujo-Pay 1995), primary produc- 
tion (Lindley et al. 1995) and zooplankton distribution 
(White et al. 1995, Le Borgne & Rodier 1997). 

Acoustic surveys have been conducted in French 
Polynesia within the framework of the ECOTAP pro- 
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gramme (Etude du Comportement des Thonidés par 
l'Acoustique et la P&che/Study of Tuna Behaviour 
using Acoustics and Fishing), a joint project of 
ORSTOM (now IRD, Institut de recherche pour le 
développement) , IFREMER (Institut Français de Re- 
cherche pour l'Exploitation de la MER) and EVAAM 
(now SRM, Service des Ressources Marines). 

MATERIALS AND METHODS 

Sampling and acoustic surveys. Data were collected 
on board ORSTOM RV 'ALIS' (28 m long) during ECO- 
TAP experiments carried out in the Society, Tuamotu 
and Marquesas Archipelagos, from October 1995 to 
August 1997 (Fig. 1). 

Both ECOTAP programme objectives and spatio- 
temporal constraints imposed acoustic sampling de- 
sign. Experimental longline fishing was carried out 
each day. Due to the large geographical extension of 
the studied zone and logistic constraints, fishing sets 
were distributed continuously along a route in such a 
way that the largest possible surface could be sampled 
(Fig. 1). Acoustic data used in this study came either 
from diurnal rectangular surveys above the longline, 
or from nocturnal rectangular or straight surveys be- 
tween each fishing operation (Fig. l). In order to work 
on homogeneous samples, dawn and dusk micronek- :I 
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Fig. 1. Longline station positions during ECOTAP cruises in French Polynesia. Lower right: a,coustic observations were conducted 
along rectangular tracks above the longline (fine line) during the daytime and along rectangular or linear tracks between each 

fishing operation (bold line) at night 
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ton migrating periods were avoided. Surveys were 
considered as nocturnal between 19:30 and O550 h, 
and as diurnal between 07:30 and 17:30 h local time. A 
total of 119 nocturnal and 136 diurnal surveys was 
carried out. 

Acoustic data were collected with a SIMRAD EK500 
(version 4.01) echosounder connected to a 38 kHz 
split-beam, hull-mounted transducer SIMRAD ES38B 
(beam angle 6.9") used with a pulse duration of 1 ms. 
The water column was extended down to 500 m depth. 
Acoustic and navigation data were stored via Ethernet 
on a PC using SIMRAD EP 500 software. On-axis and 
off-axis calibration was performed with a 60 mm cop- 
per sphere using the standard procedure described in 
the EK500 operator manual (SIMRAD Subsea 1993). 
Table 1 gives the main settings used during the ECO- 
TAP cruises. 

An integration threshold was applied to acoustic 
data. The choice of the threshold level involved a com- 
promise so that bias due to noise or integration of non- 
micronekton organisms was minimised. On the other 
hand, too high a threshold could lead to a large 
micronekton underestimation. The threshold was cho- 
sen from theoretical and empirical considerations. A 
-65 dB threshold was first chosen until observations of 
a tracked tuna, which had a vertical migration linked 
to a sound scattering layer (SSL) migration (Josse et al. 
1998, see their Fig. 7), led to the conclusion that the 
SSL was detected with a -70 dB threshold but not with 
a -65 dB one. Micronekton sampling with a fry pelagic 
trawl (5 mm mesh) coupled with echo-sounding car- 
ried out during ECOTAP cruises led to the conclusion 
that the fish, and particularly myctophids, were the 
dominant taxa in the study area (Table 2), a trend 
which has already been observed in the Pacific Ocean 
by Young et al. (1996b). With the settings used, a-70 dB 
threshold allowed the observation of a minimal density 
of 1 myctophid (with a target strength [TS] of -58 dB) 
in 15.8 m3. Since the swimbladder is supposed to be 
responsible for 90 to 95 % of the backscattering energy 
(Foote 1980), other physolclist fish likely have a TS 
equal to or greater than myctophids because the myc- 
tophid swimbladder volume is proportionally lower 
than that of other physoclists (Kloser et al. 1997, 
Koslow et al. 1997). It seems that all fish with a swim- 
bladder were likely to be acoustically detected with a 
-70 dB threshold. Conversely, crustaceans mainly com- 
posed of euphausiids (Table 2) are probably not de- 
tected since their density must be higher than 100 ind. 
m-3, a density which is seldom encountered outside of 
Antarctic waters (Mitson et al. 1996). Finally, due to 
avoidance, cephalopods were probably undersampled 
by pelagic trawl, although their target strength has the 
same range as that of the myctophids (Jefferts et al. 
1987, Kajiwara et al. 1990, MacLennan & Simmonds 

Table 1. Main settings of the SIMRAD EK500 echosounder 
used during ECOTAP cruises 

Operation menu 
Ping interval 
Transmit power 
Noise margin 

Tranceiver menu 
Absorption coefficient 
Pulse length 
Bandwidth 
Maximum power 
2-way beam angle 
Sv transducer gain 
TS transducer gain 
Angle sensitivity 
3 dB beam angle 
Alongship offset 
Athwart ship offset 

0.0 (automatic) 
Normal 

10 dB 

10 dB km-l 
Medium 

Auto 
2000 w 

-20.9 dB 
27.7 dB 
27.8 dB 

21.9 
6.9' 

-0.03" 
0.21" 

1992). The stomach content composition of tuna caught 
by longline during the ECOTAP programme differed 
from pelagic trawl sample composition (Table 2), owing 
especially to sampling efficiency problems (Roger 
1994, Young et al. 199613). Since tuna forage is mainly 
composed of both taxa sampled by pelagic trawl and 
larger animals foraging on taxa sampled by the pelagic 
trawl such as myctophids, the acoustic back-scattered 
energy may be considered representative of micro- 
nektonic fish (and probably cephalopod) biomass. 

Parameter description. Describers of acoustic pro- 
files, horizontal and vertical micronekton variabilities 
and morphology of the echograms have been either 
computed or measured in order to achieve a typology 
of the study area (Table 3). At each station, cruise num- 
ber, latitude (computed by 16 classes of lo), longitude 
and season, i.e. dry from May to October or wet from 
November to April, were also considered. 

Acoustic profiles. For each diurnal or nocturnal sur- 
vey, a mean acoustic back-scattering energy by sur- 
face unit (sa) was calculated on 10 m thick layers rang- 
ing between 10 and 490 m following a log(x+l) 
transformation (Table 3). Total acoustic density, inte- 
grated on the whole vertical range (10 to 490 m), was 
also calculated for each survey (Table 3). Back-scat- 
tered energy sections and total acoustic densities were 
used both to compute latitudinal vertical sections and 
horizontal representations, gridded by kriging with the 
SURFER software (Golden Software 1995), and to com- 
pute multivariate analysis. 

Horizontal and vertical variability. Vertical vari- 
ability was determined on each survey by simple de- 
scribers: mean and variance. The horizontal variability 
of each survey was quantified using geostatistic meth- 
ods (Matheron 1965) which are regularly used in fish- 
eries science in order to provide resource spatial pat- 



Table 2. Summary of taxonomic composition of micronelcton caught by pelagic trawl, 5 mm mesh, compared to food items observed in the stomach of large deep swimming 
tuna (bigeye n: 142, yellowfin n: 98, albacore n: 85) (ECOTAP unpubl. data). Fish are separated into 5 categories according to trophic level and range of daily vertical migra- 
tion as defined by Grandperrin (1975). Cephalopods are separated into 2 categories according to their mean depth of habitat as indicated by Grandperrin (1975). The weight 
of items extracted from stomach contents is corrected from digestion effect. Percentage is related to drained weight and dry weight (in parentheses). The conversion factors 
used to convert wet weight to dry weight came from Young et al. (1996a). For each category major taxa contributing in weight are indicated. Taxonomic level retained is 

species for myctophids, family for other fish and cephalopods, order for crustaceans, branch and class for gelatinous 

Category % in net samples Major taxa in net sample % in stomach content Major taxa in stomach content 

Myctophids 

Piscivorous fish (able to 
prey on Myctophids) 

Reef fish 

Zooplankton feeders with 
small range of vertical 
migration in infrapelagic level 

Zooplankton feeders with 
wide range of vertical 
migration from mesopelagic 
to infrapelagic levels 

Other fish 

Cephalopods (Mesopelagic 
level) 

Cephalopods (Mrapelagic 
level) 

Crustacea 

Gelatinous 

60.97 
(71.85) 

0.71 
(0.84) 

1.10 
(1.30) 

0.30 
(0.35) 

0.94 
(1.11) 

4.36 
(5.14) 

9.80 
(6.06) 

1.47 
(0.91) 

13.77 
(11.37) 

6.58 
(1.08) 

Ceratoscopelus warmingi, Benthosema 
suborbitale, Diaphus sp., Lampanyctus sp., 
Myctophum asperum 
Paralepididae, Gempylidae, 
Trichiuridae,. Scombrolabracidae, 
Idiacanthidae 

Acanthuridae, Balistidae, Bothidae, 
Scorpaenidae Serranidae, Holocentridae 

Stemoptychidae, Diretmidae, Zeidae, 
Bragmacerotidae, Scopelosauridae, 
Evermanellidae 

Astronesthidae, Chauliodontidae, 
Gonostomidae, Melanostomidae 

Nomeidae, Leptocephalus larvae, 
Bramidae, Carangidae, Ostracionidae, 
Stomiatidae 

Ommatostrephidae, Onychoteuthidae 

Cranchidae, Enoploteuthidae 

Euphausids, Amphipods, Isopods, 
Larvae of decapods, Paeneids Caridae 

Tunicata, Cnidaria, Ctenaria, Hydraria, 
Gasteropods: Pteropods 

7.49 
(9.49) 

25.41 
(32.18) 

1.71 
(2.13)< 

5.53 
(7.00) 

0.02 
(0.03) 

14.93 
(18.91) 

25.23 
(16.76) 

14.97 
(9.95) 

3.79 
(3.36) 

0.92 
(0.16). 

Myctophum asperum, M. selenops, 
Diaphus brachycephalus, D. richardsoni, 
Diaphus sp., Lampanyctus sp. 

Paralepididae, Gempylidae, 
Trichiuridae, Champsodontidae, 
Scopelarchidae, Scombrolabracidae, 
Alepisauridae juvenile 

Acanthuridae, Balistidae, Bothidae, 
Etlidae, Serranidae, Holocentridae 

Sternoptychidae, Diretmidae, Zeidae, 
Bragmacerotidae, Scopelosauridae, 
Grammicolepididae, Anoplogasteridae 

Gonostomidae, Percichthyidae 

Nomeidae, Bramidae, 
Chiasmodontidae, Emmelichydae 

Ommatostrephidae, Onychoteuthidae 

Cranchidae, Chiroteuthidae, 
Enopleuteuthidae, Mastigoteuthidae, 
Histioteuthidae, Argonautidae 

Euphausids, Amphipods, Isopods, 
Larvae of decapods, Paeneids Caridae 

Tunicata, Gastropods: Pteropods, 
Heteropods 
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Table 3. Parameters used in multivariate analysis (M: modality, C: continue, A: active, I: illustrative, NU: non-used variables) 

Variable code Description Type Night 

Cruise 
Season 
Lat 
Long Longitude 
P1 to P49 
Meanv 
Varv Vertical variance 
Varh Geostatistical horizontal variance 
Range Geostatistical range 
Total Log(sa+l) total integrated on the whole water column 
SSL, MSL, TSL, LSL, NSL, LAS, Presence (2)labsence (1) of the structural descriptors 
SSS, SAG, NUL of the scattering structures during a whole prospecting 
SSLl.5, MSL1-5r TSL1-5, LSL1.51 NSL1.5r Presence (2)labsence (1) of the structural descriptors 
LA SI.^^ SSS1-5, SAG1.5, NULI-5 of the scattering structures by 100 m strata from surface 

to 500 m 

Belonging to one of the 18 ECOTAP cruises 
Wet (1) or dry (2) season 
Belonging to one of the 16 classes of latitude 

Log(sa+l) on a whole prospecting by 10,m thick layers 
Log(mean sa+l) by 10 m thick layers 

~ 

M 
M 
M 
C 
C 
C 
C 
C 
C 
C 
M 

M 

I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
A 

A 

I 
I 
I 
I 
I 
I 
I 

NU 
NU 

I 
A 

A 

terns (Swartzman et al. 1992, Simard et al. 1993, Pel- 
letier & Parma 1994, Coyle et al. 1998) and stock assess- 
ments (Sullivan 1991, Guillard et al. 1992, Petitgas 
1993). Geostatistic methods are particularly recom- 
mended in the case of acoustic surveys as acoustic data 
are generally sampled continuously along transects and 
are thus spatially correlated. The use of variograms 
allows variance to be calculated according to spatial 
autocorrelation and density distribution models. 

Geostatistic methods were only applied to nocturnal 
surveys, as they are more homogeneous than the diur- 
nal ones since most of the biomass is located between 
the surface and 250 m at night. The biomass is made of 
surface non-migrant organisms and of a high propor- 
tion of vertically migrating organisms which live in the 
deep layers during the day. Surface strata nocturnal 
acoustic density is therefore considered to be a good 
indicator of the total acoustic density. Thus, the sa val- 
ues were integrated between 10 and 250 m with 0.5 nm 
ESDU (elementary sampling distance unit). 

Nocturnal sampling was designated as rectangular 
or linear transects (Fig. 1). No anisotropy was observed 
on any of the rectangular surveys. This was a pre- 
dictable result as a pelagic habitat is studied at a 
smaller scale than the large environmental features 
of spatial anisotropy (Piontkovski & Williams 1995). 
Therefore an isotropic model was adjusted on each 
variogram of the 119 nocturnal surveys using the EVA 
software (Petitgas & Prampart 1995), and sill (i.e. geo- 
statistical horizontal variance) and range were mea- 
sured (Table 3). 

Scattering structures coding. Acoustic profiles allow 
for the study of the quantitative aspect of echograms, 
therefore the structural information is not taken into 
account. Thus, acoustic structure morphology is deter- 

mined by the composition of the specific community 
and also by physicochemical factors which may be 
subject to regional changes. For instance, Wiebe (1970) 
considers that zooplanktonic aggregations are induced 
by physical processes, and Levin (1992) supposes that, 
on large scales, patchy krill distribution would be 
induced by physical processes even though aggrega- 
tion behaviour may become significant at smaller 
scales. Finally, Zhou & Huntley (1996) suppose that 
behaviour plays a role in zooplankton and micronek- 
ton patch dynamics. Therefore, the echo structure rep- 
resents information which expresses physical and bio- 
logical phenomena as well. A morphological coding of 
echograms was undertaken using the method pro- 
posed by Petitgas & Levenez (1996). Nine different 
types of echogram were defined and were denoted by 
a 3-letter code. Presence/absence coding is made on 
an entire nocturnal or diurnal survey and also on 100 m 
strata located between the surface and 500 m. For the 
latter, a number between 1 and 5 was added to the 3- 
letter code. The different echo types are as follows: 

(1) SSL are 'classic' layers, i.e. continue on a horizontal 
plane and are vertically homogenous (Fig. 2a); (2) moun- 
tain shaped layers (MSL) are SSL shaped like an inverse 
'V' or a succession of 'mountains' (Fig. 2b); (3) thin 
scattering layers (TSL) are very thin, dense and stratified 
SSL (Fig. 2c) (4) loose scattering layers (LSL) are very 
loose SSL (Fig. 2d); (5) nucleus in scattering layers 
(NSL) is a dense nucleus inside more homogeneous 
scattering layers (Fig. 2e); (6) large aggregated 
structures (LAS) are large, school-shaped structures 
(Fig. 2f); (7) stick shaped structures (SSS) are aggregated 
structures with a vertical stick-like aspect (Fig. 2g); 
(8) small aggregates (SAG) are small aggregated struc- 
tures (Fig. 2h); (9) absence of echo trace (NUL). 
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Fig. 2. Echotraces defined for the habitat characterisation. (a) 'Classic' sound 
Scattering layer (SSL), (b) 'mountain' or inverse 'V' shaped scattering layer 
(MSL), (c) thin scattering layer (TSL), (d) loose scattering layer (LSL), 
(e) nucleus in scattering layer (NSL), (f) large aggregated structures (LAS), 

(9) stick shaped structures (SSS), (h) small aggregates (SAG) 

Log (sa+l) Data processing. Multivariate meth- 
ods are used in order to characterise the 
micronekton distribution. Multiple fac- 
torial correspondence analysis followed 
by an ascending hierarchical clustering 
analysis (Saporta 1990) were computed 
on nocturnal and diurnal samples. Vari- 
ables used as 'active' in analysis are the 
structural describers of the scattering 
structures (Table 3). All other variables 
are not used in calculation but are pro- 
jected on factorial plans as 'illustrative' 
ones. Other multivariate methods, such 
as principal component analysis and 

factorial correspondence analysis followed 
by ascending hierarchical clustering an- 
alysis, were used considering illustrative 
variables as active, Results were similar 
to those of analyses presented here. The 
SPAD 3.5 software was used for all statisti- 
cal processing. 

RESULTS 

Profiles and cartography of back- 
scattering energy by surface units (sa) 

Profiles of sa from all nocturnal samples 
showed a clear trend, with maximal values 
lying between 10 and 150 m (Fig. 3a). 
Below 150 m, sa suddenly decreased, 
reaching very low values between 200 and 
490 m. Conversely, no diurnal sample sa 
profiles presented any strong depth- 
linked trend (Fig. 3b). 

Mean latitudinal vertical sections of noc- 
turnal (Fig. 4a) and diurnal (Fig. 4b) sa by 
depth strata showed that maximum back- 
scattered energy was mainly located 
between 8 and 13" S and that the vertical 
range was higher in the 8 to 13"s zone. 
The horizontal distribution of nocturnal 
(Fig. 5a) and diurnal (Fig. 5b) acoustic 
response confirmed the biomass maxi- 
mum in this area. 

Multivariate analysis results 

Neither seasons nor years were structur- 
ing factors in the multivariate analysis so 
that all nocturnal or diurnal samples were 
considered simultaneously. Both multi- 
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Fig. 3. (a) Nocturnal and (b) diurnal average profiles of acoustic back-scattering 
by surface (sa) of micronekton with their standard deviation on a logarithmic 

scale 
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Fig. 4. Latitudinal vertical section of (a) nocturnal and (b) diurnal acoustic back-scattering by surface (sa) of micronekton on a log- 
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Fig. 5. Spatial distribution of (a) nocturnal and (b) diurnal acoustic back-scattering by surface (sa) of micronekton on a logarith- 
mic scale 

variate analyses presented here on nocturnal (Fig. 6) 
and diurnal (Fig. 7) acoustic samples displayed a simi- 
lar pattern. In both cases, cluster analysis focused on a 
3-class typology which allowed the study area to be 
divided into 3 zones, following a west-northwestleast- 
southeast oriented line (Fig. 8). 

The first zone was located south of a line stretching 
between 11 and 14” S (Fig. 8). It was characterised by a 
low biomass and a low number of aggregated struc- 
tures. Maximal detection was located between 10 and 
100 m, nocturnal and diurnal SSL was encountered at 
times between 200 and 300 m, and almost no diurnal 
SSL was observed between 400 and 500 m. The ’usual’ 
deep migrant layer was located during the day below 
500 m as observed in situ during sporadic integrations 
of 100 to 600 m or O to 1000 m layers. 

The second zone was located south of Marquesas 
Archipelago and north of the 11 to 14”s line. It was 
characterised by maximal variance and biomass. At 
night, SAG occurred below 200 m. Concurrently, NSL 
were present in the SSL where the biomass maximum 
was found. During the day, aggregated structures of all 
kinds (SAG, SSS, LAS) were present on the whole ver- 
tical range studied. Relatively high biomasses were 
encountered between 400 and 500 m as indicated by 
deep SSL. 

The third zone, located north of the Marquesas 
Archipelago, had many similarities with the first zone 
although both zones were hydrologically very differ- 
ent. Micronektonic biomass had an average value with 
respect to the entire study area. Few nocturnal aggre- 
gated structures were present. The maximum noctur- 
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From ECOTAP cruises 3 different character- 
istic zones may be defined between 4 and 
20" S. Micronekton density is maximal in the 
central zone stretching mainly from 8 to 13" S 
(Fig. 8). North and south of this zone, its den- 
sities are lower but similar, in spite of very dis- 
tinct physico-chemical environmental condi- 
tions which generally prevail. The equatorial 
upwelling north of the Marquesas is a rich 
area, and the waters of the South Pacific 
central gyre south of 13"s are oligotrophic 
(Rougerie & Rancher 1994)- These observa- 
tions need to be discussed since they appear 
to be different from general ideas raised in 
bibliographical data. 

Classically, the equatorial upwelling, which 
-154 -152 -150 -148 -146 -144 -142 -140 -138 -136 -134 is known to be the origin of an increased 

pelagic productivity, is said to be at the equa- 
tor or slightly south of it, and biomasses are 

LONGITUDE (W) 

Fig. 8. Micronektonic biomass zones as discriminated by multivariate known to decrease as latitude increases [Vino- 
analysis 

na1 biomass was located deeper than in the first zone 
but almost no real SSL were present below 200 m. MSL 
were often encountered close to the surface. During 
the day, fewer aggregated structures were found than 
in the second zone. When they occurred, they were 
mainly located in the upper 200 m. Detection was 
much lower below 200 m. 

DISCUSSION 

The ECOTAP field programme extended over 
nearly 2 yr. Therefore, temporal variations could have 
influenced the results obtained on micronekton den- 
sity and distribution. However, such an effect was not 
evidenced by the multivariate analysis, a result which 
is in agreement with the well known temporal stabil- 
ity of open ocean pelagic ecosystems of the tropical 
area (Cushing 1959, Walsh 1976, Landry 1981, Le 
Borgne et al. 1983, Longhurst 1998). It would also 
indicate that during the study climatic variations had 
no significant effect on the micronekton of this 
oceanic province. Thus, the Southern Oscillation 
Index (SOI), which depicts the climatic situation in 
the equatorial Pacific, was positive during most of the 
study (from December 1995 to February 1997) and 
corresponded to a maximum extension of the high 
nutrient-low chlorophyll (HNLC) area. The strong El 
Niño which followed (as indicated by a negative SOI) 
started at the very end of the study (March 1997) so 
that the present results might not have been signifi- 
cantly influenced by the climatic change that oc- 
curred. 

gradov 1981). This is true for primary produc- 
tivity which is maximal between 2" N and 2" S 

(Lindley et al. 1995, Barber et al. 1996, Chavez et al. 
1996, Vinogradov et al. 1997), but not for the mesozoo- 
plankton maximum which is shifted several degrees to 
the south or to the north: between 2 and 5" S for Vino- 
gradov (1981) and White et al. (1995) at 140"W. The 
reason for this is that the pelagic foodweb evolves 
whilst the equatorial watermasses are drifting to the 
southwest. This is due to the meridian component of 
the South Equatorial Current (SEC) (Vinogradov 1981, 
Rougerie & Rancher 1994). Although Vinogradov 
(1981) and Lehodey et al. (1998) predict a tuna forage 
biomass maximum at the same latitude as that of the 
zooplankton, ECOTAP results locate it more to the 
south (Fig. 8). From what is known of the currents, 
biogeochemistry and dissolved oxygen distributions, 
it can be demonstrated that acoustically observed 
micronekton distribution is realistic. 

The equatorial rich zone is generated by the SEC 
divergence and is limited by 2 convergences: the 
northern convergence between SEC and NECC (North 
Equatorial Counter Current) at 4 to 5"N, and the 
southern convergence between SEC and SECC (South 
Equatorial Counter Current), around 8"s (Fig. 9). At 
140" W, SECC is not always well marked (Rougerie & 
Rancher 1994, meridional current profiles of Murray et 
al. 1995) so that the convergence zone is weak and 
spread out in latitude. Both equatorial convergences 
are 'wells' of organic matter which accumulates and is 
mineralised, and are aggregative systems for micro- 
nekton and nekton (Yamamoto & Nishizame 1986, 
Power 1996, Kimura et al. 1997, Lehodey et al. 1997). 
Our measurements of the depth of the photic layer 
illustrates this (Fig. 10): it is minimal between 8 and 
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Fig. 9. Schematic current features in the Polynesian EEZ area 

12" S, a result which agrees with the particle load max- 
imum at the southern convergence zone. 

However, micronekton could be located not in the 
convergence area but closer to the mesozooplankton 
maximum so that other factors controlling micronekton 
distribution, such as the distribution of dissolved oxy- 
gen concentrations, need to be found. Thus, minerali- 
sation of organic matter uses oxygen, and active min- 
eralisation areas are therefore oxygen deficient. In the 
equatorial area, mineralisation of organic mattes starts 
at the base of the photic layer, in the pycnocline. As a 
result, ammonium and nitrite maximums are observed 
in the pycnocline, the depth of which increases from 
the equator to the southern convergence zone (Fig. 4 of 
Murray et al. 1995). Nutrient profiles of Murray et al. 
(1995) at 140" W can be used as reference since tem- 
perature, salinity and dissolved oxygen distribution 
were very similar during the ECOTAP programme 
(Fig. 11) and the Eqpac Survey II. The value of the den- 
sity gradient is important when considering exchanges 
between the mixed layer and the deeper layers, partic- 
ularly as far as oxygen concentrations are concerned. 
Between O and 6" S, a strong pycnocline around 100 to 
150 m leads to particularly low O2 values below 100 m 
(<1.5 m l  1-I). However, south of 6" S, density gradients 
become lower and O2 concentrations start to increase 
underneath the pycnocline. As a result, oxygen con- 
centration exceeds 3.4 ml 1-' at the nitrite maximum 
depth between 8 and 12"s. A similar pattern has 
already been described in the Western Pacific (170" E) 
south equatorial convergence zone by Oudot (1978). 

To suppose that micronekton avoids the very low oxy- 
gen depths prevailing below the mixed layer between 
O and 6" S seems to be a realistic hypothesis consider- 
ing bibliographical data and present observations. 
Thus, as shown in Fig. 4b, very low acoustic detections 
are observed during the day, underneath the 1.5 m l  1-l 
oxygen isoline when all ECOTAP data are considered. 
Similarly, Sameoto (1986), Andersen et al. (1997) and 
Le Borgne & Rodier (1997), report on the effect of low 
O2 concentrations on the vertical distribution of meso- 
zooplankton and micronekton. To conclude, micronek- 
ton would find both significant particulate biomasses 
and reasonable oxygen concentrations in the deep lev- 
els at the convergence zone. 

Finally, the structure of the foodweb may partly 
explain micronekton biomass levels and vertical distri- 
bution in the ECOTAP area. In the equatorial up- 
welling, occurrence of macronutrients (such as nitrate 
or orthophosphate) in the photic layer allows prod- 
uction of more large phytoplanktonic cells than in 
oligotrophic areas which are nutrient-limited (Le 
Bouteiller et al. 1992). As a result, mesozooplankton 
diet consists of a greater proportion of phytoplankton 
in the former case, leading to a closer relationship be- 
tween phytoplankton and mesozooplankton. Accord- 
ing to Le Borgne & Rodier (199?), the consequence is a 
surface-oriented distribution and small diel migrations 
of the mesozooplankton of the equatorial Pacific. The 
inverse situation is observed in the oligotrophic areas 
with a more homogeneous vertical distribution and 
significant diel migrations. This may be the case for 
micronekton, which feeds on the mesozooplankton, 
and does not contradict the 'oxygen concentration' 
explanation. In the northern part of the ECOTAP area, 
which is situated in the equatorial upwelling, micro- 
nekton may be associated with mesozooplankton and 
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4 Meridional advection 
Biomass index 

Fig. 12. Schematic representation of latitudinal distribution of phytoplankton (dotted line), zooplankton (dashed line) and 
micronekton (solid line) biomass in the 140"W zone with respect to latitudinal distribution of the deep deoxygenated zone 

during a positive Southern Oscillation Index (SOI) period 

may display a surface-oriented distribution and small 
vertical migrations. Its habitat volume wogd therefore 
be less significant than further south. 

To sum up, interpretation of larger micronekton bio- 
masses south of the Marquesas instead of the northern 
and equatorial upwelling zone relies on knowledge of 
the functioning of the equatorial Pacific ecosystem and 
of the ecology of the micronekton itself. A schematic 
diagram which synthesises present results and classic 
knowledge on phytoplankton and zooplankton distrib- 
ution can be proposed (Fig. 12) and commented as fol- 
lows: increased primary productivity, which is gener- 
ated by the divergence of the SEC at the equator, 
produces zooplankton biomass, the maximum of which 
is shifted further to the south (2 to 5"s) due to the 
meridian component of the SEC and the generation 
time of the animals. Micronekton would originate from 
2 distinct zones: (1) in the maximum mesozooplankton 
area, micronekton larvae could take advantage of 
phytoplankton biomasses in the photic layer and drift 
southwards as they grow, until, after a month long trip, 
they find favourable conditions for metamorphosis and 
downward migration in the convergence zlone (around 
8 to 12" S), (2) in the convergence zone itself, both lar- 
vae and adults could find the appropriate food such as 
phytoplankton, zooplankton and particles of the micro- 
bial foodweb which accumulate in the convergence. 
South of the south equatorial convergence, micronek- 
ton are no longer limited by oxygen in the deep layers, 
but by food. Thus, the 2 hydrological structures, at 4 

to 8"s and 13 to 20°S, would generate similar bio- 
masses and aggregative distributions for different 
reasons. 

CONCLUSION 

Acoustic data collected extensively in the French 
Polynesian EEZ over 2 yr, between 4 and 20" S and 134 
and 154" W, were used in the study of micronekton bio- 
mass distribution. They led to the definition of 3 differ- 
ent areas. The richest zone is located between Mar- 
quesas and a NW-SE oriented 11 to 14"s line, and is 
not as close to the equator as would be expected from 
published results on primary and secondary produc- 
tion latitudinal distribution. This result may be as- 
cribed to the location of the south equatorial conver- 
gence, which concentrates particles and presents no 
oxygen limitation in the deep layers. North and south 
of the richest zone, different hydrological features, but 
a comparable abundance of micronekton, are encoun- 
tered. To the north, waters are enriched by the equato- 
rial upwelling, but intense organic matter reminerali- 
sation limits oxygen availability under the mixed layer. 
To the south, waters are influenced by the great south- 
ern gyre and display oligotrophic features, which are 
less favourable to micronekton development. 

From the present study, it appears that micronekton 
distribution and biomass rely on both trophic and envi- 
ronmental factors. Therefore, predictive models of 
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tuna forage, which are usually based on direct rela- 
tionships between micronekton and lower trophic lev- 
els, are not always appropriate. Such models should 
also take environmental limiting factors, such as dis- 
solved oxygen, into account. Moreover, acoustic stud- 
ies provide a multidimensional description of micro- 
nekton habitat, and should be used in order to validate 
any modelled tuna forage description, 
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