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Abstract

This work represents a first step in understanding the impact of hydrodynamic features on the zooplankton dynamics

in the Algerian Basin (southwestern Mediterranean Sea). The mesoscale distribution of mesozooplankton abundance,

biomass, specific composition and size structure was investigated during ELISA-1 campaign (1997) in the framework of

the program ELISA (Eddies and Leddies Interdisciplinary Study off Algeria, 1997–1998), partly dedicated to study the

mesoscale features during 1997. Physical, biogeochemical and biological measurements were made on transects through

two hydrodynamic features, one anticyclonic eddy and a small secondary shear cyclonic eddy. The use of combined

zooplankton descriptors, i.e. biomass, abundance, size structure (e.g. NB-SS slope) and taxonomic structure, and of

cumulative function allowed us to extract spatial trends in the anticyclonic eddy (AE 96-1). It is hypothesized here that

the eastern edge of AE 96-1, characterized by thick layer of chlorophyll (between 100 and 150m) due to the downward

entrainment of chlorophyll down to 200m, was favorable for small organisms (Paracalanus/Clausocalanus,

Calocalanus, and Calanus) while higher abundance of large active swimmer such as chaetognaths was observed in

the center. In the cyclonic eddy, the highest abundance of filter-feeders (ostracods, cladocerans, doliolids and salps) was

related to enhance trophic conditions, i.e. highest chlorophyll concentration (4–8mgm�3). These results show that

cyclonic and anticyclonic eddies strongly influence the mesoscale characteristics of zooplankton in the Algerian basin
e front matter r 2005 Elsevier Ltd. All rights reserved.
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during summer. Higher chlorophyll concentrations observed in spring suggest that such eddies can have an even more

pronounced impact on the structuring of the ecosystem during high productive season.

r 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Numerous studies show the impact of mesoscale
physical oceanic processes such as fronts, rings
and eddies on planktonic ecosystems (Owen, 1981;
Legendre and Demers, 1984; Wishner and Allison,
1986; Huntley et al., 1995; Huskin et al., 2001).
Studies based on the warm-core rings in the Gulf
Stream highlighted that zooplankton biomass was
higher in their centers (Wiebe et al., 1985; Cowles
et al., 1987). Fronts (Seguin et al., 1993, 1994;
Thibault et al., 1994; Youssara and Gaudy, 2001)
and eddies (Pinca and Dallot, 1995; Pakhomov
and Perissinotto, 1997) have been also known to
enhance zooplankton biomass and to influence
zooplankton horizontal distribution.
The Algerian Basin is a place where the

mesoscale dynamical activity is intense. The
instability of the Algerian Current generates
meanders enclosing anticyclonic eddies (for a
review see Millot and Taupier-Letage, 2005a),
which propagate downstream (i.e. eastward) at a
few kilometer per day. At the entrance of the
Channel of Sardinia the bathymetry narrows and
shallows, so that the deeper and larger eddies
cannot go through. They are guided by the
bathymetry northward along the western Sardi-
nian slope, and thus detach from their parent
current. Then they follow a counter-clockwise
circuit in the eastern part of the Algerian basin,
possibly completing up to three loops. The
Algerian Eddies (hereafter AE) are 50–250 km in
diameter, can have a vertical extent down to the
bottom (�3000m; Ruiz et al., 2002; Millot and
Taupier-Letage, 2005b), and appear to last up to 3
years (Puillat et al., 2002). When returning in the
Algerian coastal zone (CZ) AE interact with the
Algerian Current, and the intense shear created
between the eastward Algerian Current and the
westward current south of the eddy generates
filaments and submesoscale cyclonic shear eddies.
Such shear eddies have diameters of a few tens of
kilometers, vertical extents of �100m, and life-
times of a few weeks. The AE correspond to large,
highly oligotrophic areas during the summer-
stratified conditions, because their anticyclonic
structure maintains the nutricline at depths close
to that of the euphotic zone in the central part of
the AE. On the other hand, the cyclonic plumes
sometimes associated with AE and shear eddies
correspond to richer, ephemeral spots due to their
cyclonic doming structure (Moran et al., 2001;
Taupier-Letage et al., 2003).
The ELISA operation (Eddies and Leddies

Interdisciplinary Study off Algeria, 1997–1998—
see Taupier-Letage et al., 2000, part of the
MATER /MAST3-MTP2 European program)
was dedicated to the study of: (i) the general
circulation of the water masses, (ii) the origin,
structure and trajectories of the eddies, (iii) the
biological response associated with the mesoscale
dynamic phenomena, and (iv) the biological
consequences of the mesoscale dynamics for the
functioning of the Algerian Basin. Throughout
that experimental year, 4 main campaigns were
organized in order to track two main AE (96-1 and
97-1) and to sample them at different times of the
year. Their general hydrodynamic characteristics
and associated chlorophyll, and nitrate distribu-
tions are presented in Taupier-Letage et al. (2003).
Mesoscale hydrodynamic features play an im-

portant role on the structuring of the organic
matter compartment in oceanic regions. The
impact of such structures is clearly shown on
phytoplankton by remote sensing, but the study of
their influence on the zooplankton compartment
still need to be assessed through mesoscale
sampling. Here, the distribution of zooplankton
related to mesoscale hydrodynamic features was
investigated for the first time in the Algerian Basin
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during the cruise ELISA-1 (summer 1997), using
both microscope counts and bench-top optical
plankton counter (OPC). ELISA-1 focused on two
features, the (anticyclonic) eddy AE 96-1 and its
associated (cyclonic) shear eddy C. Most studies of
zooplankton response to physical changes look at
a couple of indexes, i.e. biomass and abundance.
In this paper, we proposed an integrated approach
by considering together zooplankton biomass,
abundance, population structure (e.g. slope of
normalized biomass size spectra (NB-SS)) and
taxonomic structure.
2. Methods

2.1. Sampling

The sampling strategy during the ELISA experi-
ment was based on the near real time analysis of
satellite thermal images, which were received on
board the RV Le Suroı̂t in order to locate the
mesoscale features. Then transect locations were
determined and run using a fine sampling interval
o5 nautical miles (�10km) for the CTD stations.
The ELISA-1 3rd leg (23/07–04/08/1997, in the
region 37–401N and 4–91E) was dedicated to the
time-demanding biological and biogeochemical
sampling (Fig. 1 and Table 1). During the ELISA-
1 cruise, the AE 96-1 (diameter �150km) was
sampled along its southern (‘‘S-96-1’’, stations
69–82) and eastern parts (‘‘E-96-1’’, stations
100–121). In the CZ (transect ‘‘CZ’’, stations
82–92) SSE of AE 96-1, the shear was intense, and
resulted in the creation of the small cyclonic eddy C,
sampled along the transect ‘‘C’’ (stations 93–99).
Continuous current speed and direction, in the

upper 300–350m water layer, were obtained with a
shipboard ADCP. Hydrological and chlorophyll
fluorescence profiles from the upper 1000m were
recorded at each station using a CTD-rosette.
Time permitting, additional CTD casts down to
250m were interleaved (an exhaustive list of
observations carried out during the cruise is
available on the ELISA web site; Taupier-Letage
et al., 2000).
Zooplankton was sampled using a WP-2 net

fitted with 200 mm mesh-size towed vertically from
200m to the surface at 1m s�1. No flowmeters
were available but special care was taken while
sampling to keep the cable vertical. Intervals
between stations ranged between 2 and 13.5
nautical miles (Table 1). Samples were preserved
directly upon collection (5% buffered formalin
solution) and quantitatively split with a Motoda
box once back in the laboratory.

2.2. Processing of zooplankton samples: abundance

and biomass

Mesozooplankton community characteristics
were described following two different approaches,
i.e. studies based on traditional taxonomic deter-
minations and size structures. Taxonomic deter-
mination was done using a dissecting microscope
(Leica); three subsamples were counted per net
and at least 600 individuals were enumerated per
subsamples. Identifications were done for cope-
pods to genus level and to taxa level for other
major zooplankton (e.g. chaetognaths, ostracods).
Microscope counts (MC) were not done for station
110 due to handling problems. Size structure of the
same subsamples was studied using a bench-top
version of the OPC-1L.
The OPC set up was similar to the one described

by Beaulieu et al. (1999). Organisms were gently
introduced into the water circulation system. To
avoid coincidence, we imposed a maximum count
rate at 20 particlesmin�1 and a constant flow rate
at 18Lmin�1. The shape of the size spectrum was
obtained by counting at least 1000 particles
(Sourisseau, 2002). The OPC provides several
characteristics of the zooplankton community. It
gives an estimate of the zooplankton density
(indm�3), as well as a measure of the cross-section
of the individual (digital size) which is converted
into equivalent spherical diameter (ESD) following
a semi-empirical formula (Focal Technologies
Inc., 1997). Biovolumes were calculated by assim-
ilating each particle to a sphere; particle biovo-
lumes were summed and then normalized to the
volume of water filtered in situ. In order to
estimate biomass of a sample from OPC biovo-
lumes the following relationship was used log
(W) ¼ 0.87� log (BV)�0.89 (N ¼ 187, r ¼ 0:83,
po0:01) with W dry weight (mgDWm�3) and BV
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Fig. 1. Location and characterization of the sampling area. (a) Detail of the zooplankton sampling: stations related to AE 96-1:

southern transect (stations 69–82) and eastern transect (stations 100–119); to the shear cyclonic eddy C (stations 93–99) and to coastal

zone (CZ) (stations 83–92). (b) Sea surface temperature image (NOAA/AVHRR) on 27 July 1997 (the temperature increases from light

to dark gray), with the surface current (from ADCP) overlaid.
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Table 1

Station characteristics (date, sampling time, latitude, longitude, station ID, and distance between successive stations), zooplankton abundance (microscopic and OPC

counts) and biomass ranges (287–500, 500–1000, 1000–2000, 42000mm and total)

Date Sampling

time

Longitude Latitude Stations Distance Abundance (indm�3) OPC-derived biomass (mgDWm�3)

(GMT) (1N) (1E) (Nautical

miles)

Microscopic

counts

OPC

counts

287–500 mm 500–1000 mm 1000–2000 mm 42000 mm Total

Cyclonic eddy(C)

28.07.97 17:15 37109 03155 99 0.0 467 267 0.4 2.2 4.6 2.1 9.3

29.07.97 14:00 37113 03158 98 4.7 520 312 0.6 2.0 2.4 0.8 5.8

29.07.97 7:35 37116 04100 97 4.6 243 150 0.3 1.2 2.4 3.1 7.0

29.07.97 19:00 37125 04110 93 12.1 618 269 0.5 1.9 2.3 1.3 6.0

Coastal Zone (CZ)

28.07.97 14:00 37108 04150 92 0.0 270 212 0.4 1.6 1.6 0.4 4.0

28.07.97 7:20 37104 05106 90 13.5 423 270 0.5 1.7 2.6 1.6 6.4

28.07.97 2:00 37103 05112 89 4.9 470 343 0.6 2.4 3.0 3.6 9.6

27.07.97 19:00 37100 05124 86 10.3 436 245 0.4 1.7 2.0 1.3 5.4

27.07.97 14:30 37103 05137 83 11.0 301 156 0.3 1.2 3.0 3.1 7.6

Southern transect (S-96-1)

27.07.97 11:00 37105 05152 82 0.0 425 208 0.4 1.4 1.9 1.5 5.2

27.07.97 7:30 37107 05152 81 2.2 313 227 0.4 1.7 2.3 2.0 6.4

27.07.97 1:55 37110 05152 80 3.0 496 399 0.6 2.9 4.2 7.8 15.5

27.07.97 1:00 37112 05152 79 2.0 484 364 0.6 2.6 4.0 3.0 10.2

26.07.97 13:30 37119 05152 77 7.5 36 28 0.1 0.3 0.5 1.2 2.1

26.07.97 10:10 37124 05151 76 5.2 170 114 0.2 0.9 1.2 1.4 3.7

26.07.97 1:30 37134 05151 75 10.1 288 186 0.3 1.4 2.1 3.4 7.2

25.07.97 19:30 37144 05152 74 10.0 213 140 0.3 1.1 1.5 1.3 4.2

25.07.97 14:22 37155 05152 73 10.0 196 68 0.1 0.6 1.5 3.3 5.5

25.07.97 8:00 38105 05152 72 11.0 337 248 0.4 1.8 3.1 4.1 9.4

24.07.97 17:50 38114 05152 69 9.0 360 297 0.3 1.9 1.8 1.7 5.7

24.07.97 20:15 38120 05152 70 5.0 274 205 0.5 2.2 3.1 2.0 7.8

Eastern transect (E-96-1)

30.07.97 7:25 38104 05152 100 0.0 467 266 0.5 2.0 2.8 1.2 6.5

30.07.97 13:54 38105 06101 101 6.3 220 170 0.3 1.2 2.3 2.1 5.9

30.07.97 19:20 38104 06110 103 9.1 511 312 0.5 2.6 3.3 2.6 9.0

31.07.97 1:00 38104 06119 105 9.7 383 245 0.5 1.6 2.7 16.6 21.4

31.07.97 7:45 38104 06128 107 7.2 88 58 0.1 0.5 0.9 2.3 3.8

31.07.97 14:05 38104 06138 109 8.0 469 256 0.5 1.8 1.9 2.1 6.3

31.07.97 19:20 38104 06142 110 3.3 — 157 0.3 1.2 2.6 2.6 6.7

01.08.97 1:15 38104 06147 112 4.2 377 138 0.2 1.1 3.8 12 17.1

01.08.97 7:55 38104 06153 114 7.7 527 330 0.6 2.2 2.3 1.1 6.2

01.08.97 14:40 38104 07101 115 5.9 216 199 0.4 1.4 1.1 0.3 3.2

01.08.97 19:30 38104 07106 117 4.9 844 493 0.9 2.6 3.5 1.2 8.2

01.08.97 1:00 38104 07112 119 4.9 411 273 0.5 1.8 2.4 29.9 34.6
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total biovolume (mm3m�3). This relation was
based on values from different regions (Gulf of
Lions and Gulf of Guinea) considering the whole
zooplankton community (Riandey, 2005).
Methodological bias exists when dealing with

gelatinous zooplankton; on one hand their high
transparency will underestimate their size, and on
the other hand preservation with formalin solu-
tion, although increasing their opacity, will sig-
nificantly reduce their biovolume (Beaulieu et al.,
1999). The OPC-derived biomass was divided into
ranges following the Joint Global Ocean Flux
Study (JGOFS) mesozooplankton protocol
(287–500, 500–1000, 1000–2000 and 42000 mm).
In the remainder of the text OPC-derived biomass
will be referred as biomass.

2.3. Analysis of zooplankton size-spectrum

Following Platt and Denman’s (1977, 1978) size
spectra analysis, NB-SS were estimated by divid-
ing the biomass by the weight interval in each
weight class. For these analyses OPC-derived
biomass was divided into 10 weight classes using
a geometric scale (a geometric 1.6n series) as
performed by Blanco et al. (1994). A linear
regression was then applied to log2 transformed
NB-SS data; the slope of the regression will
characterize the size structure of the community.
The NB-SS slopes were calculated only on
particles ranging from 287 to 1345 mm (ESD) for
the upper limit. The lower limit of the OPC
detection was fixed at 287 mm (for more details see
Sourisseau, 2002); and the upper limit at 1345 mm.
This upper limit was chosen in order to eliminate
empty classes, i.e. no organisms being present in
larger size classes in some samples (for more
details see Sourisseau, 2002).
The spectra/slope comparison (Fig. 2) shows

that a high slope (with high negative value) reflects
a high relative abundance of small organisms,
while a low slope reflects a more even distribution
of particles among all classes.

2.4. Analytical treatments

In order to state relationships between size
structure and taxonomical information, the cumu-
lative function (CF) as defined by Ibanez et al.
(1993) was applied on NB-SS slopes and on
zooplankton species, genus or group abundance.
The CF was only applied on data from the
anticyclonic eddy transects (S-96-1 and E-96-1).
The calculation consists of subtracting a reference
value (here the mean of each transect) from each
data. Then the differences are successively added
in order to form a CF (Ibanez et al., 1993). This
method will permit to buffer high frequency
variations due to patchiness distribution for
example and will highlight general trends between
successive samplings: a negative slope of the
cumulated function curve indicates that the values
of the studied parameter are lower than their
mean; a positive slope of the CF shows that the
values of the studied parameter are higher than
their mean. A large peak or dip shows a marked
anomaly on the curve of cumulative sums.
In order to investigate temporal variations (day,

sunset and night), One Way Anovas were
performed using the statistical software SigmaStat.
One Way Anova was also used to examine spatial
variations (cyclonic eddy, CZ and AE 96-1) and
student t-test was applied to look at spatial
variations within the AE 96-1 (edges and other
stations).
3. Results

3.1. Hydrological situation in the mesoscale

hydrodynamic features

Isopycnals clearly delimited the different dyna-
mical features (Fig. 3). Isopycnals were doming by
�40m in eddy C, were horizontal in the CZ, and
depressed by �150m in the center of AE 96-1. As
shown by ADCP current (Fig. 1B), AE 96-1 edges
were marked by nearly horizontal isopycnals in the
upper 100m west of station 117 (eastern edge) and
south of station 81 (southern edge). The chlor-
ophyll distribution displayed a typical deep
chlorophyll maximum (DCM, Fig. 3) and was
very patchy. Maximum chlorophyll concentrations
(4–8mgm�3) were observed between 70 and 80m
in eddy C. DCM concentrations were X1mgm�3

in the CZ between 70 and 100m, but hardly
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exceeded �0.8mgm�3 around 100m in the center
of AE 96-1. On the periphery of AE 96-1, the
downward entrainment of chlorophyll along the
28.50–28.75 isopycnals down to �200m was
obvious although this was less clear on the
southern periphery. The oligotrophic character of
AE 96-1 and of the CZ was marked by weak
integrated chlorophyll concentration over the
upper 200m (o 100mgm�2), while integrated
chlorophyll concentration over the upper 200m in
eddy C was �110mgm�2 (for more details see
Taupier-Letage et al., 2003).
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Fig. 3. Chlorophyll concentrations (mgm�3) and isopycnals distribution (black lines) across the shear cyclonic eddy C, the CZ and AE

96-1 (southern and eastern transect unfolded) (modified from Taupier-Letage et al. (2003) with permission of American Geophysical

Union).
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3.2. Temporal and spatial variations of zooplankton

abundance and biomass

OPC counts varied from 27 to 494 indm�3

(Fig. 4, Table 1) and microscopic counts varied
from 35 to 844 indm�3 (Table 1). The overall
spatial distribution of zooplankton density was
similar when measured by OPC and microscopy.
This was highlighted by a significative regression
between OPC and microscopic counts
(OPC ¼ 0.5538 MC+27.977, r ¼ 0:90, N ¼ 32,
po0:01), leading to an underestimation of
the number of organisms by the OPC (Fig. 5A,
Table 1).
Highest abundances were observed at night at

the southern most stations for the North–South
transect (stations 79 and 80, Table 1) and at sunset
for the eastern one (station 117, Fig. 4 and Table
1), but no statistical temporal differences were
highlighted. It must be noted that zooplankton
abundance were higher at the edges of AE 96-1
(stations 79, 80, 81, 82, 117 and 119) than at the
other stations of AE 96-1 (po0:01, N ¼ 24, Fig. 4
and Table 1).
Total biomass ranged from 2.06 to

34.51mgDWm�3 (Table 1). The spatial distribu-
tion pattern of the 287–1000 and 500–1000 mm
biomass showed the same trend that the one of
total zooplankton microscopic counts (results not
shown). On the contrary, it is clear from Fig. 6
that organisms larger than 1000 mm had in AE 96-
1 a pattern presenting high diel variation with
lower biomass during daytime and sunset than at
night (N ¼ 32, po0:001). In the anticyclonic eddy,
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Fig. 4. Temporal and spatial distribution of zooplankton abundance (indm�3) estimated by optical plankton counter (OPC). White

characters on black foreground correspond to sunset and night stations. (C) Cyclonic eddy, (AE 96-1) anticyclonic eddy.
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no clear temporal pattern was observed for smaller
organisms (287–500 and 500–1000 mm).
No statistical spatial variations were observed in

the different biomass ranges. We observed, never-
theless, some trends (see Table 1). In the antic-
yclonic eddy, the highest night total biomass was
observed at the southern edge (station 79:
10.11mgDWm�3; 80: 15.62mgDWm�3) and
eastern edge (station 119: 34.51mgDWm�3).
The biomass of the following three size classes,
287–500, 500–1000 and 42000 mm, followed the
same trend (Table 1). The highest biomass values
for the 1000–2000 mm fraction were detected in the
cyclonic eddy at station 99 (4.58mgDWm�3) and
at the southern most stations of the north–south
transect in the anticyclonic eddy (stations 79 and
80; 4.23 and 3.96mgDWm�3).

3.3. Temporal and spatial variations of zooplankton

composition

Distribution patterns of the main genera/taxa
abundance are reported in Table 2. A total of 22
taxa were identified among which 15 taxa belong
to the holoplankton and four to the meroplank-
ton. The copepod community made up 7276% of
the total zooplankton and was composed of 28
genera/species. Paracalanus/Clausocalanus (no at-
tempt was made to separate these two genera)
dominated the zooplankton population (2377%).
Oncaea, Oithona, Corycaeus and Calanus corre-
sponded to, respectively, 1074%, 973%, 672%
and 572% of the zooplankton population.
Chaetognaths, ostracods, and appendicularians
represented, respectively, 974%, 773% and
372% of the total zooplankton and meroplank-
ton individuals made up only a weak proportion of
the zooplankton community (271%). Nauplii
were not quantitatively sampled by our collecting
device, which explains the low percentage observed
(0.670.6%).
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Fig. 6. Temporal and spatial distribution of zooplankton biomass 41000mm (mgDWm�3). White characters on black foreground

correspond to sunset and night stations. (C) Cyclonic eddy, (AE 96-1) anticyclonic eddy.
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The impact of sampling time on zooplankton
species, genus or group abundance was investi-
gated in the anticyclonic eddy (not enough stations
were sampled at sunset or at night in the cyclonic
eddy and in the CZ to allow statistical treatments).
This temporal variation was clear for Calocalanus,
Pleurommama, ostracods and jellyfishes (Fig. 7).
Calocalanus were statistically more abundant at
sunset and at night than during daylight (N ¼ 32,
po0:02, Fig. 7A); Pleurommama abundance was
significantly lower during the day than at night
and sunset (N ¼ 32, po0:03, Fig. 7B); ostracods
abundance was statistically higher at night and
at sunset than during the day (N ¼ 32, po0:02,
Fig. 7C) and jellyfish abundance at sunset was
significantly higher than during daylight and night
(N ¼ 32, po0:02, Fig. 7D).
Spatial variations were also observed for some

taxa. We limited our analysis to daylight stations
in order to remove potential diel variations
(Fig. 8). Ostracods were more abundant during
daylight in the cyclonic eddy than in the antic-
yclonic eddy (Fig. 8A); cladoceran, doliolid, fish
larva, and salp abundance were higher in the
cyclonic eddy than in the CZ and the anticyclonic
eddy (Figs. 8B–E). Those patterns were related to
higher chlorophyll concentrations observed in the
cyclonic eddy.
3.4. Size structure in relation to temporal and

spatial variations of zooplankton

Zooplankton NB-SS slopes values varied from
�0.95 to �0.42. Their distribution pattern fol-
lowed the general trend of microscopic counts
(Fig. 9; r ¼ 0:39, N ¼ 32, p ¼ 0:027).
We analyzed, in the anticyclonic eddy AE 96-1,

the variation of the CF applied to hydrological
parameters (28.75 isopycnal immersion and
thickness of the water layer where concentration
in chlorophyll a was higher than 0.25mgm�3),
zooplankton OPC abundance, NB-SS slopes
and main zooplankton taxa/genus. The whole
sampling dataset of the anticyclonic eddy was
used here to create Fig. 10, which allowed us to
visualize for which sampling date or place the
general trend of the CF changes (Fig. 10) in
buffering high frequency variability due to
nycthemeral migrations and to spatial patchiness.
For example, the impact of the temporal
factors was clearly detected by marked positive
peaks, such as on the CF of Calocalanus

abundance (night stations 80, 79, 75, 105, 112
and 119; Fig. 10G), which pointed out the
arrival of those organisms in the upper
200m, however, the general trend was not
disturbed.
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Table 2

Mean abundance (%) of zooplankton estimated by microscopic counts in the different transects of the Algerian Basin and in the whole

sampled area

Cyclonic eddy C Coastal zone CZ Southern transect S-96-1 Eastern transect E-96-1 Mean

Copepods (indm�3) 303.8 285.5 195.5 308.3 257.27122.7

Copepods (%) 66.1 73.3 70.5 76.3 72.376.3
Paracalanus/Clausocalanus 15.9 24.4 23.7 24.6 23.177.0
Oncaea 8.8 9.4 11.7 9.4 10.273.8
Oithona 9.2 10.2 7.8 11.0 9.473.3
Corycaeus 5.4 5.9 5.8 7.3 6.371.6
Calanus 5.8 5.8 4.6 5.2 5.172.3
Calocalanus 2.2 4.1 3.4 2.1 2.971.7
Lucicutia 1.2 1.5 2.6 2.3 2.271.1
Pleurommama 1.0 1.7 2.4 1.5 1.871.3
Eucalanus 3.6 .1 0.8 2.1 1.671.6
Haloptilus 0.4 0.9 1.6 1.1 1.271.1
Temora 1.5 1.4 0.4 0.3 0.770.8
Acartia 0.1 1.2 0.7 0.2 0.570.5
Euchaeta 0.0 0.5 0.8 0.3 0.570.5
Sapphirina 0.4 0.1 0.5 0.6 0.570.8
Candacia 0.2 0.5 0.4 0.2 0.370.3
Spinocalanus 0.1 0.3 0.4 0.2 0.370.3
Centropages 0.2 0.3 0.2 0.1 0.270.2
Clytemnestra 0.1 0.2 0.3 0.0 0.270.2
Copilia 0.1 0.3 0.2 0.0 0.170.2
Pontella 0.3 0.0 0.0 0.2 0.170.2
Heterorhabdus 0.2 0.1 0.0 0.1 0.170.2
Miracia efferata 0.0 0.0 0.2 0.1 0.170.2
Mecynocera 0.0 0.2 0.1 0.0 0.170.1
Macrosetella/Microsetella 0.0 0.1 0.0 0.0 0.070.1
Scolecithrix 0.1 0.0 0.0 0.0 0.070.1
Nauplii 1.4 0.8 0.5 0.3 0.670.6
Other copepods 9.1 3.1 1.8 7.3 4.774.0

Holoplankton (indm�3) 130.8 93.3 77.7 89.3 90.1744.0

Holoplankton (%) 29.0 24.2 27.1 21.2 24.975.7
Chaetognaths 7.4 6.9 9.8 8.7 8.773.9
Ostracods 8.1 6.6 8.2 5.7 7.173.4
Appendicularians 3.6 3.7 2.5 2.6 2.971.8
Doliolids 2.6 0.3 1.9 0.9 1.471.4
Pteropods 1.5 2.2 0.6 1.1 1.171.5
Jellyfishes 0.7 1.2 1.3 0.8 1.170.7
Siphonophores 0.2 1.2 1.1 0.2 0.770.8
Polychaetes 0.5 0.7 1.0 0.5 0.770.4
Cladocerans 2.9 0.8 0.0 0.0 0.571.1
Amphipods 0.1 0.3 0.6 0.4 0.470.4
Radiolairians 0.0 0.8 0.6 0.0 0.470.7
Salps 0.9 0.1 0.0 0.5 0.370.9
Foraminiferans 1.0 0.0 0.1 0.0 0.270.4
Pyrosomids 0.0 0.2 0.2 0.1 0.270.2
Mysidaceans/Euphausids 0.0 0.1 0.0 0.1 0.170.1
Isopods 0.0 0.0 0.0 0.1 0.0 70.1

Meroplankton (indm�3) 12.1 6.2 5.1 6.7 6.773.7

Meroplankton (%) 2.7 1.7 1.8 1.8 1.970.9
Fish larvae 1.8 0.4 0.3 1.1 0.870.9
Decapod larvae 0.3 0.5 0.5 0.2 0.470.3
Echinoderm larvae 0.1 .0 0.0 0.0 0.070.1

In bold mean abundance of zooplankton (indm�3)Unidentified copepods were grouped as other copepods.
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Fig. 7. Impact of sampling time (day—white; Sunset—hatched and night—black) on zooplankton abundance in AE 96-1: (a)

Calocalanus; (b) Pleurommama; (c) ostracods and (d) jellyfishes. note different abundance axes
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The CF of different isopycnal depths were
linked to those of NB-SS slopes (Figs. 10A and
B). We choose from Fig. 3 to use the 28.75
isopycnal depth to correlate the hydrological
characteristics of the water masses to the size
structure of the zooplankton community and some
genera/groups (Fig. 10A) because the CF of 28.75
isopycnal depth characterized well the depression
of this isopycnal in the center of AE 96-1 with a
positive slope of the CF in the center (stations
74–70 and 100–105) and a negative slope at the
edges (stations 82–79 and 109–119). The CF of the
thickness of the water layer with concentration
40.25mg Chl am�3 evidenced a high spatial
patchiness of the chlorophyll distribution. With a
positive slope from stations 111–114, this CF
demonstrate that this chlorophyll layer was thicker
(between 111 and 145m) near the eastern edge,
whereas there was no other marked trend in
AE 96-1.
The trend of the NB-SS slope CF (Fig. 10B)

showed no impact of the temporal factor except at
stations 110 and 112. For the purpose of this
study, we focused on general trends; the marked
anomaly of the NB-SS slope CF between stations
105 and 109 was not investigated. The CF of the
NB-SS slopes followed the trend of the cumulative
curve of the 28.75 isopycnal depth with a positive
slope from stations 74–70 and 100–105 and a
negative slope from station 114–119. This trend
was inversely linked to that of OPC abundance
(Fig. 10B) and to those of small organisms
Paracalanus/Clausocalanus, Oithona, Corycaeus

and Calocalanus (Figs. 10C–G), for which the
general trend of the CF increased from station 112
or 114 (depending on the organism) to 119 and
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Fig. 8. Spatial variations during daylight in the different environments, evidenced for some zooplankton groups: (a) ostracods, (b)

cladocerans, (c) doliolids, (d) fish larvae and (e) salps. (C) Cyclonic eddy, CZ, (AE 96-1) anticyclonic eddy. Note different abundance

axes.
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Fig. 9. Temporal and spatial distribution of zooplankton NB-SS slopes. White characters on black foreground correspond to sunset

and night stations (see Table 1 and Fig. 1 for details). (C) Cyclonic eddy, (AE 96-1) anticyclonic eddy.
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decreased from stations 77–70 and 100–110. Those
observations fitted well also with those of a rather
large copepod Calanus sp. (Fig. 10F). This might
be firstly due to the fact that this genus was
represented mainly by copepodite stages (data not
shown), and secondly to the very low proportion
of this genus in the total zooplankton (5.1%,
Table 2). The trend of NB-SS slope CF was also
related to the general trend of the large chaetog-
nath abundance (Fig. 10(H). Furthermore, from
stations 112–119, there was a clear increase of
zooplankton abundance and small organism pro-
portions linked to a thick layer of chlorophyll
(Fig. 10A) whereas a large portion of these
organisms (i.e. Paracalanus/Clausocalanus, Calo-

calanus and Calanus) might display a more
herbivorous behavior.
Fig. 10. Spatial trends in AE 96-1 of hydrological parameters (28.

0.25mgChl am�3) in relation to those of zooplankton OPC abund

abundance: (a) cumulated deviations of 28.5 isopycnal depth (circle) an

(b) cumulative deviations of zooplankton OPC abundance (cross) an

deviations (black circle and solid line) of (c) Paracalanus/Clausocalan

chaetognaths. White characters on black foreground correspond to s
4. Discussion

4.1. Nycthemeral migrations of zooplankton

Although Boucher and Thiriot (1972) observed
no extended mesozooplankton vertical migration
in the central part of the western Mediterranean
Sea, day–night variations of zooplankton
41000 mm biomass in AE 96-1 indicated that the
largest part of the zooplankton population mi-
grated from deeper layer to the upper 200m at
night. Our taxonomic study established that
zooplankton vertical migrations are limited to a
handful of taxa: Pleurommama, Calocalanus,
ostracods and jellyfishes. Vertical migrations of
species belonging to the genus Pleurommama

(P. gracilis, P. abdominalis and P. borealis) have
75 isopycnal depth and thickness of the water layer 4of the
ance, of zooplankton size structure and of some zooplankton

d of the thickness of the water layer40.25mgChl am�3 (cross);

d NB-SS slopes (circle); original values (cross) and cumulative

us, (d) Oithona, (e) Corycaeus, (f) Calocalanus, (g) Calanus, (h)

unset and night stations.



ARTICLE IN PRESS

S-96-1 E-96-1 S-96-1 E-96-1

S-96-1 E-96-1 S-96-1 E-96-1
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already been described in the Mediterranean
Sea (Gasser, 1995; Andersen et al., 2001; Andersen
et al., 2004), as well as for Calocalanus (Zorgani,
1984) in the Gulf of Gabes, the jellyfish Solmissus

albescens (Andersen et al., 1992) and the ostracods
Asterope mariae and Philomedes interpuncta

(Macquart-Moulin, 1999).

4.2. Potential impact of algerian hydrodynamic

structures on zooplankton biomass

The role of the hydrodynamic features present
in this region of the Western Mediterranean Sea
on the structure of the zooplankton community
has never been looked at. Therefore, we can only
compare our data to these of other Mediterranean
sites.
In summer 1997, we observed no impact of the

Algerian hydrodynamic structures on the zoo-
plankton biomass compared to the productive
Almeria-Oran front (East of our study site) where
it reached in the geostrophic jet of inflowing
Atlantic water an average of 18.3mgDWm�3

(Thibault et al., 1994) which was much higher
than that of the surrounding areas, which offered a
range of oligotrophic conditions. Indeed, our
study showed lower zooplankton abundance and
biomass in the oceanic waters of the Algerian
Basin in summer 1997 (OPC estimated an average
of 230 indm�3 and 8.2mgDWm�3). The sampling
period (summer) is traditionally characterized by
the lowest zooplankton biomass in the coastal and
neritic waters of the western Mediterranean Sea
(Champalbert, 1996), as well as in oceanic waters
of the Gulf of Lions (Razouls and Kouwenberg,
1993) with an annual minimum of 12 indm�3 in
June. During summer 1997, AE 96-1 was located
along the Algerian slope. It then moved north,
following the counter-clockwise circulation to
reach the open sea of the Algerian Basin in spring
1998. In spring 1998, integrated chlorophyll
concentrations were very high (180mgm�2) in
AE 96-1 and quasi-homogenous in the upper
�150m (Taupier-Letage et al., 2003). Conse-
quently, an increase of the zooplankton biomass
within AE 96-1 can reasonably be expected during
spring. Another anticyclonic eddy (AE 97-1) was
also studied along its circulation in the Algerian
Basin. In summer, AE 97-1 was located offshore
and corresponded to a highly oligotrophic area
(like AE 96-1). Throughout wintertime, AE 97-1
was embedded in an Algerian Current meander
and remained stratified leading in spring to lower
chlorophyll concentrations than those of AE 96-1
(Taupier-Letage et al., 2003). In this case, a
zooplankton biomass augmentation cannot be
expected in the following spring. The cyclonic
eddy C did not show an influence on zooplankton
biomass, but high abundance of gelatinous organ-
isms such as salps or doliolids were observed in the
cyclonic eddy C, and we know that the biomass of
those organisms is underestimated by OPC (see
Section 2). Thus, mesoscale eddies may have a
strong impact on the Algerian Basin ecosystem but
this will depend on their intrinsic dynamics
(cyclonic/anticyclonic), their position in the Alger-
ian Basin and the season. Whereas the Algerian
Basin is expected to be oligotrophic, eddies
represent potentially high productive areas for
zooplankton and then by a cascading phenomenon
on all the upper level of the food web.

4.3. Impact of algerian hydrodynamic structures on

zooplankton composition

In the western Mediterranean Sea, studies
carried out in fronts and eddies have shown an
impact of the physical structure on the zooplank-
ton composition. The distribution of Centropages

typicus and Clausocalanus furcatus was linked to
the Almeria-Oran front (Alboran Sea) where these
species could find favorable feeding conditions
(Youssara and Gaudy, 2001). In the Ligurian Sea,
Pinca and Dallot (1995) observed that an antic-
yclonic eddy favored the development of a large
species of radiolarian (Aulacantha scolymantha), of
calyptopis larvae (euphausiid), and copepods
(C. typicus, Leuromamma gracilis, Mesocalanus

tenuicornis, Heterorhabdus papilliger and Euchir-

ella rostrata). On the other hand, Thibault et al.
(1994) and Gaudy and Youssara (2003) evidenced
higher copepod grazing rates by herbivores in the
Almeria-Oran front compared to the surrounding
waters displaying a more carnivorous or detriti-
vorous behavior. These authors also measured
higher respiration and excretion rates in the
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hydrodynamic structures of the Alboran Sea
compared to the surrounding waters.
In the Algerian Basin, copepods were dominant,

representing 72% of the mesozooplankton, which
was in the range of values found in the bay of
Algiers and surroundings (Bernard, 1955). The
bulk of copepods in the area investigated included
some species also found in neritic zones, such as
Clausocalanus and Oithona (Gaudy, 1985). The
Paracalanus/Clausocalanus, typical for the Medi-
terranean Sea (Gaudy, 1985), were, here, the main
components of the community. Oncaea, Corycaeus

and Calanus were also important component of
the zooplankton community and the presence of
Euchaeta, Lucicutia, Candacia, Sapphirina and
ostracods, characteristic forms of the oceanic
environment (Gaudy, 1985), was reported. Those
observations agreed well with a previous study
done in the Algerian Basin (Seridji and Hafferssas,
2000) where Clausocalanus arcuicornis, C. furcatus,
Paracalanus parvus, Oithona nana and O. helgo-

landica were classified as frequent (frequency rate
450%) in the Algerian Basin, and Corycaeus sp.,
C. ovalis, Oncaea media, and O. venusta as
common (�40%).
We show that the different hydrodynamic

structures of the Algerian basin influence the
zooplankton composition. Indeed, the cyclonic
eddy was very suitable in summer 1997 for the
filter-feeders organisms such as ostracods, clado-
cerans, doliolids and salps. Furthermore, high O/N
ratio (26.3 at station 99, R. Gaudy, pers.
commun.) indicated an herbivore behavior of the
copepod community (Gaudy and Boucher, 1983).
The cyclonic eddy was also characterized by the
highest chlorophyll concentration (4–8mgm�3),
the maximum concentration of 4500 mm ESD
large particulate matter (420 mgCL�1, Gorsky et
al., 2002) which corresponded mainly to sus-
pended particles and algae flocks (Stemmann et
al., 2000). Therefore, the cyclonic eddy in favoring
the primary trophic level, allowed in only a few
days the development of grazers, and particularly
of organisms which are well known for their fast
development rates (cladocerans, salps and dolio-
lids; Egloff et al., 1997; Andersen, 1998; Deibel,
1998, respectively). Moreover, in this cyclonic
eddy, the presence of salps producing large,
rapidly settling fecal pellets, underlined high
downward particle flux, concomitant to the
observations of high LPM concentrations made
by Gorsky et al. (2002).
On the other hand, the use of the CF, which was

applied here for the first time to show spatial
trend, allowed us to buffer high frequency
variability (e.g. spatial patchiness) and to highlight
the general trends of zooplankton distribution
within AE 96-1. High abundances of small
organisms (Paracalanus/Clausocalanus, Oithona,
Calanus copepodites, Calocalanus, Oncaea and
Corycaeus), related to high negative slopes of
NB-SS, were observed at the eastern edge of AE
96-1. At the same time, the layer of water with a
chlorophyll concentration higher than
0.25mgm�3 was very thick at the eastern edge
(between 111 and 145m) due to the downward
entrainment of chlorophyll along the 28.50–28.75
isopycnals down to �200m and a production was
expected. It was hypothesized here that the eastern
edge is favorable for the development of local
primary production (I. Taupier-Letage, pers.
commun.) and for the development of a zooplank-
ton community of small and mainly herbivorous
organisms (Paracalanus/Clausocalanus, Calocala-

nus and Calanus) while the center was more
favorable for large active swimmers such as
chaetognaths.

4.4. Size structure as an important zooplankton

indicator

Previous zooplankton size spectra studies using
an OPC have highlighted that size structure
evidenced strong characteristics of zooplankton
community on time and space scales. Huntley et
al. (2000) observed significant differences in the
size structure through mesoscale hydrodynamic
structures (eddy, jet); and Gallienne et al. (2001)
reported that variations of the zooplankton size
structure in the northeast Atlantic during July
1996 were coincident with changes in physical
structure (front or eddy) or with high surface
chlorophyll concentrations. Rodriguez and Mullin
(1986) showed also that zooplankton size structure
varies between day and night. Our results are
consistent with those previous studies, showing
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that the spatial and temporal patterns of mesozoo-
plankton size structure evidenced in the antic-
yclonic eddy highlighted strong characteristics of
the zooplankton community (abundance, biomass
and also taxonomic composition). Furthermore,
allometric equations, relating zooplankton size to
their physiological rates (e.g. growth, respiration,
excretion), permitted to elaborate different models
of zooplankton population dynamics (Heath, 1995;
Zhou and Huntley, 1997). Hence, size structure is
representative not only of the zooplankton com-
munity organization but also of zooplankton
community physiological rates (e.g. growth rate,
respiration, excretion). Size structure is an impor-
tant zooplankton descriptor, as are zooplankton
biomass, species composition and biovolume.
5. Conclusion

The sampling schedule followed during the
ELISA program allowed us to study zooplankton
distribution over different hydrodynamic features
using net sampling on a grid size (from 2 to 13
nautical miles) much smaller than previously
published intervals (e.g. Beckmann et al., 1987;
Biggs, 1992; Pinca and Dallot, 1995; Prieur et al.,
1993) although it is clear that by using in situ OPC
we could achieve a much higher resolution
(Skjoldal et al., 2000). Furthermore, the use of
combined zooplankton descriptors (biomass,
abundance, size and taxonomic structure) as well
as the use of the CF permitted to clearly stress out
zooplankton spatial variations, even during sum-
mer when zooplankton compartment is at its
lowest. Hence, the impact of Algerian eddies on
zooplankton biomass, composition and size struc-
ture highlighted in our results, shows that such
hydrodynamic structures can potentially play an
important role in the production and in the
redistribution of organic matter in the Algerian
Basin due to their counter-clockwise circuit in the
basin and to the cyclonic eddies they can induce.
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