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INTRODUCTION

The NW Mediterranean is a highly dynamic oligo-
trophic marine area, subjected to important climatic
forcing expressed in alternate periods of thermal strati-
fication and vertical mixing. During summer, while the
heating of the surface water progresses, thermal strati-
fication becomes apparent, resulting in a mixed layer
above the thermocline. In this layer nutrients are
rapidly depleted by autotrophic organisms. In winter,
the combined effect of cooling and wind forcing breaks
down stratification, and nutrients from deeper waters
reach the surface layers. While in more northerly seas
the first phytoplankton bloom after winter mixing oc-

curs in spring, in the western Mediterranean, tempera-
ture and irradiance conditions allow the advancement
of phytoplankton to January or February (Estrada et
al. 1999, Calbet et al. 2001). Hydrographic mesoscale
structures as well as their effects on biological phenom-
ena are also more conspicuous in winter. Examples in-
clude the permanent shelf-break density front situated
at the seaward border of the Liguro-Provençal-Catalan
current, which runs southwest close to the mainland
coast (Castellón et al. 1991), and the dome-like struc-
ture between the front and the Balearic Islands. These
hydrographic structures may determine phytoplankton
distribution (Margalef & Estrada 1987, Estrada et al.
1999) and primary production (Estrada & Margalef
1988), and influence zooplankton distribution, metabo-
lism and feeding rates (Alcaraz & Packard 1989, Saiz
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et al. 1992, Alcaraz et al. 1994, Calbet et al. 1996). It is
thus evident that climate mediates the physical and bi-
ological characteristics of the water column, yielding 2
contrasting environments, 1 in summer and 1 in winter.
While in summer temperature is high and phytoplank-
ton abundance low, in late winter temperature is low
and phytoplankton abundant. Recent predictive mod-
els (Huntley & Lopez 1992, Hirst & Lampitt 1998) con-
sider temperature as the main environmental factor
controlling the growth rates of marine copepods. If this
is correct, copepod production rates in summer should
be higher than in winter. Despite the expected coupling
between hydrographic mesoscale structures and bio-
logical processes during winter, all of the available data
on zooplankton secondary production in the offshore
waters of the NW Mediterranean come from summer
(Calbet et al. 1996, Saiz et al. 1999), thus preventing us
from fully testing our hypothesis. Certainly, there are
studies characterizing seasonal cycles of copepod egg
production (Le Ruyet-Person et al. 1975, Razouls 1982,
Ianora & Scotto di Carlo 1988, Ianora & Butino 1990,
Ianora et al. 1992, Halsband-Lenk et al. 2001). How-
ever, these works are restricted to coastal areas, highly
affected by terrestrial influences (e.g. rivers, sewage
flow). 

The previous studies of copepod production rates in
thermally stratified open NW Mediterranean waters
show variable results. Calbet et al. (1996) reported
very low egg production rates during summer 1993.
On the other hand, in a more intensive survey in the
same area in summer 1995, Saiz et al. (1999) found
relatively higher production rates. This later study con-
cluded that consumption of phytoplankton alone could
not maintain the observed copepod production rates.
The importance of autotrophic food sources in the
feeding of zooplankton populations is, however, uncer-
tain during winter, when phytoplankton are more pro-
ductive and numerous (Estrada et al. 1999). Here we
present data on phyto- and zooplankton biomass and
distribution and associated copepod egg production
rates, taken as an indicator of their secondary produc-
tion. Our aim was to characterize a typical winter zoo-
plankton population of the NW Mediterranean and to
study their relationships with physical (temperature,
hydrographic singularities) and biological (phyto-
plankton abundance and size structure) variables. We
emphasize community structure and copepod produc-
tion rates, and compare them with previous studies in
the same area during the thermal stratification period.

MATERIALS AND METHODS

Area surveyed. The study was carried out in the
Catalan Sea (NW Mediterranean) on 2 cruises on the

RV ‘García del Cid’ during winter 1999 (Hivern-99, 1 to
15 March) and 2000 (Hivern-00, 28 January to 11 Feb-
ruary). Before the study, a survey of a grid of stations
provided the physical setting. The fixed biological
stations were located along 2 transects, 1 perpendicu-
lar to the shoreline of Barcelona (B) and 1 further north,
perpendicular to the shoreline of Palamós (P). Three
biological stations were selected in each transect as
representatives of contrasting hydrographic situations:
1 station in coastal waters (C), a second on the shelf-
break, at the margin of the Liguro-Provençal-Catalan
current and coincident with the density front (F), and a
third station in more oceanic waters (O) in the dome-
like structure between the NE Spanish coast and the
Balearic Islands (Fig. 1). When possible, the stations
were visited twice during the cruises. In order to obtain
a quasi-synoptic picture of the zooplankton distribu-
tion in relation to the hydrographic structure and
phytoplankton distribution, the Barcelona transect was
intensively surveyed during daylight hours of a single
day on the Hivern-00 cruise. CTD casts (without water
samples) and vertical plankton net tows were taken
approximately every 16 km (8 km near the frontal area),
along a transect of 85 km. 

Description of sampling. Temperature, salinity and
in situ fluorescence were recorded with a Seabird-25
CTD equipped with a Sea Tech fluorometer. Water
samples for chlorophyll a (chl a) analyses (0 to 80 m)
were collected in the afternoon at 10 to 20 m depth
intervals using a rosette with 10 l Niskin bottles. For
total chl a, 100 ml of water was filtered under low vac-
uum pressure (<100 mm Hg) through Whatmann glass
fiber filters (GF/F, 25 mm diameter). For the >5 µm
fraction, 200 ml samples were filtered through 5 µm
pore-size polycarbonate Nucleopore™ filters (25 mm
diameter). After filtration, the filters were frozen in liq-
uid nitrogen and stored at –80°C until analysis. Chl a
was determined by fluorometry on acetone extracts
without acidification (Welschmeyer 1994), which pro-
vides sensitive measurements of extracted chl a plus
phaeopigments. For the sake of simplicity and to stan-
dardize the nomenclature with previous studies using
the same technique we will refer to chl a when show-
ing pigment concentrations obtained by this method. 

For the determination of mesozooplankton abun-
dance, a double WP2 net (56.5 cm mouth diameter,
200 µm mesh size) was towed vertically at 60 m min–1

from 200 m depth to surface (or from bottom to surface
for shallower stations). Since no flowmeter was used,
the volume filtered was calculated as the meters
released off a cable times the fishing area. Mesozoo-
plankton abundance was estimated by counting and
identifying under stereomicroscope around 300 indi-
viduals per sample. To collect live zooplankton, the
nets were towed from 80 m depth (or near bottom
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when shallower) to surface at low speed (10 m min–1).
A 5 l plastic bag was used instead of a filtering cod-end
to reduce organismal stress or damage due to sam-
pling. Once on deck, the contents of the bags were
poured in coolers for further sorting.

Egg production experiments. Copepod egg produc-
tion rates (EPR) were determined, when possible, for
the free-spawning copepods Centropages typicus and
Clausocalanus lividus. During the Hivern-99 cruise
some additional experiments were carried out with
Acartia clausi. Female copepods were sorted by spe-
cies using a wide-mouth Pasteur pipette under stereo-
microscope and transferred to 625 ml Pyrex bottles in
groups of 4 (occasionally 3 or 5). The bottles had been
previously filled with water from the fluorescence
maximum screened through 100 µm nitex mesh by
reverse filtration in order to remove large zooplank-
ters. Usually each experiment consisted of 4 replicate
bottles for each species. Four additional control bot-
tles without copepods were set to take into account
any eggs present in the water after the initial screen-
ing. 

The experimental bottles were incubated in a deck
incubator cooled with circulating surface seawater
(temperature = 12.7 to 14.2 and 11.9 to 13.4°C for

Hivern-99 and Hivern-00, respectively) and dim light,
provided by a dark mesh that retained 99% of surface
light intensity. The bottles were gently turned upside
down several times during the incubations to reduce
settling of algae. After ca. 24 h the contents of the
bottles were filtered onto 20 µm sieves, the animals
checked for activity (mortality = 0.6%), and eggs and
copepods preserved for counting and measuring later
in the laboratory. When empty shells appeared due to
egg cannibalism, they were also accounted for. Cepha-
lothorax length of the copepods was measured under
the stereomicroscope. Female carbon content was esti-
mated from their size and length-weight relationships
according Davis & Alatalo (1992) for Centropages typ-
icus, and Durbin & Durbin (1978) for Clausocalanus sp.
and Acartia clausi. Dry weight was converted into car-
bon content using a factor of 0.4 (Parsons et al. 1984).
Egg diameter was determined using an inverted
microscope with the aid of an ocular micrometer, and
egg weight was obtained using the equation of Hunt-
ley & Lopez (1992). Egg production rates were ex-
pressed as individual rates (eggs laid per female and
day) and specific growth rates (g, d–1) as g = ln(G + 1),
were G is the finite weight-specific fecundity (Chis-
holm & Roff 1990).
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Fig. 1. Map of the study area
with the position of the sur-
veyed stations. B = Barcelona,
P = Palamós, C = coastal,
F = frontal and O = oceanic
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RESULTS

Environmental condition

The distribution of density (σt) and fluorescence
(volts) across the Barcelona transect (Hivern-00) in
Fig. 2 can be considered to represent a typical winter
situation, and will be used to characterize the main
hydrographic singularities. The Catalan front appears
clearly in the σt plot at 30 to 35 km from the Catalan
coast (Fig. 2A). Farther east, the intrusion of less saline
Atlantic waters is indicated by the vertical density
gradient. Between these 2 conditions the pycnoclines
are dome-shaped.

Phytoplankton distribution (fluorescence) was highly
influenced by the physical dynamics, with highest con-
centrations within the first 40 m in the vicinity of the
Catalan front (Fig. 2B), coinciding with the dome-like
structure. The lowest values were in the area influ-
enced by the nutrient-depleted surface Atlantic waters.
This pattern, however, appears to be masked by the
remarkable temporal variability of average depth-inte-
grated chl a concentration for the repeated visits to
the biological stations (coastal, frontal, oceanic; Fig. 3).
In general, values of chl a concentration were higher
for Hivern-99 than for Hivern-00. During the Hivern-
99 cruise the contribution of >5 µm chl a was sig-

nificantly higher (p < 0.0001) than during
Hivern-00 (64% and 25%, respectively),
when most of the phytoplanktonic commu-
nity corresponded to autotrophs <5 µm. 

Zooplankton abundance and taxonomic
composition were determined for the Hivern-
00 Barcelona transect (Fig. 4). The main trend
was a decrease in abundance from coastal to
open-ocean waters up to ~55 km from the
coast. Farther east, the abundance of organ-
isms increased again, reaching values similar
to those obtained in more coastal waters
(~1000 ind. m–3). The community was domi-
nated by calanoid copepods (68%), followed
in abundance by cyclopoids and appendi-
cularians (14 and 6%, respectively).

Copepod EPR

The values of copepod EPR for the stud-
ied species (Centropages typicus, Clauso-
calanus lividus and Acartia clausi) averaged
for all coastal, frontal and oceanic stations
of each cruise are represented in Fig. 5.
During the Hivern-99 cruise only A. clausi
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Fig. 2. (A) Density (σt) and (B) fluorescence (volts) distributions for the
Barcelona transect (Hivern-00 cruise). The position of the biological 

stations in the transect is also indicated

Fig. 3. Average depth-integrated chl a concentration for the dif-
ferent stations surveyed during the Hivern-99 and Hivern-00
cruises. The stations of the transects corresponding to Palamós
and Barcelona of each cruise were grouped (mean ± 1 SE) into 

coastal, frontal and oceanic stations
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EPR appeared to be significantly different between
stations (ANOVA, p < 0.002), EPR of coastal and
frontal stations being higher than the oceanic ones.
In contrast, during Hivern-00, C. lividus displayed
higher EPR at oceanic stations (p < 0.05). For
C. typicus the differences in EPR between stations for
the 2 years were not statistically significant. It is
worth mentioning that the highly variable EPR
observed amongst replicates for C. lividus were due
in part to the frequency of replicate bottles in which

no eggs were laid. Weight specific growth rates
(Table 1) were higher for A. clausi (Hivern-99) and
C. typicus (both Hivern-99 and Hivern-00). No clear
differences were observed between coastal, frontal
and oceanic stations for both years. The body size of
the copepods studied is summarized in Table 2.
Copepod cephalothorax was significantly longer in
Hivern-99 than in Hivern-00 for all species (ANOVA,
p < 0.0001). No significant differences were found
between coastal, frontal and oceanic stations.
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Table 1. Weight-specific growth rates (d–1) found during the
study for the different copepod species considered. The sta-
tions of the transects corresponding to Palamós and Barcelona
of each cruise were grouped (mean ± 1 SE) into coastal, 

frontal and oceanic stations

Species Station Hivern-99 Hivern-00

Centropages Coastal 0.13 ± 0.023 0.09 ± 0.011
typicus Frontal 0.10 ± 0.017

Oceanic 0.12 0.08 ± 0.010

Clausocalanus Coastal 0.05 ± 0.020 0.01 ± 0.004
lividus Frontal 0.02 ± 0.19 0.01 ± 0.005

Oceanic 0.03 ± 0.016 0.02 ± 0.005

Acartia clausi Coastal 0.20 ± 0.015
Frontal 0.13 ± 0.023
Oceanic 0.10 ± 0.019

Fig. 4. Zooplankton abundance and community composition
along the Barcelona transect (Hivern-00). The position of the
main sampled stations is indicated. C: coastal; F: frontal; 

O: oceanic

Fig. 5. Average egg production rates in 3 stations for the cope-
pod species studied. The stations of the transects correspond-
ing to Palamós and Barcelona of each cruise were grouped 

(mean ± 1 SE) into coastal, frontal and oceanic stations

Table 2. Cephalothorax length (µm ± SE) for the species stud-
ied. The stations of the transects corresponding to Palamós
and Barcelona of each cruise were grouped (mean ± 1 SE) into 

coastal, frontal and oceanic stations

Species Station Hivern-99 Hivern-00

Centropages Coastal 1245 ± 19.8 1173 ± 11.8
typicus Frontal 1137 ± 6.9

Oceanic 1313 ± 1.2 1213 ± 7.3

Clausocalanus Coastal 1256 ± 13.6 1190 ± 8.0
lividus Frontal 1303 ± 19.1 1206 ± 12.0

Oceanic 1270 ± 8.9 1196 ± 5.7

Acartia clausi Coastal 1009 ± 7.5
Frontal 0989 ± 3.2
Oceanic 0988 ± 7.6
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The relationships between chl a and EPR and weight-
specific growth rates of Centropages typicus, Clauso-
calanus lividus and Acartia clausi are presented in
Figs. 6 & 7, respectively. Overall, winter C. typicus pro-

duction rates seemed to follow an asymptotic model
(simplest best fit model), especially for >5 µm chl a,
indicating saturation of EPR above values of ~0.5 µg
chl a >5 µm. C. lividus did not show a clear food-

178

Fig. 6. Average egg production rates as a function of total and >5 µm chl a. (d) Hivern-99, (■ ) Hivern-00. Bars represent standard 
error computed between replicate bottles for each visit to the stations
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dependent saturation pattern, probably due to the high
variability found between replicates. No significant
correlation with any size-fraction of chl a was found
for A. clausi.

Previous data in the area for the summer season

One of the objectives of this paper was to compare
the dynamics of the winter copepod populations with
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Fig. 7. Weight-specific growth rates as a function of total and >5 µm chl a. (d) Hivern-99, (■ ) Hivern-00. Bars represent standard 
error computed between replicate bottles for each visit to the stations
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previous knowledge of the zooplankton dynamics in
the study area during summer. For comparison, a sum-
mary of 2 studies (Calbet et al. 1996, Saiz et al. 1999)
dealing with zooplankton community structure and
production rates in open waters of the NW Mediter-
ranean (to our knowledge the only ones) is shown in
Tables 3 & 4. For methodological details we refer to the
original articles. Table 3 illustrates the community bio-
mass and abundance of phytoplankton and mesozoo-
plankton, respectively. The chl a concentrations were
similar during both years (1993 and 1995), while the
biomass of zooplankton consumers supported by this
chl a was higher in 1995. In general, chl a concentra-

tions during summer were similar to those of Hivern-
00, but almost 1 order of magnitude lower than during
the Hivern-99 cruise. Zooplankton abundance re-
ported for the period of thermal stratification was not
much different from that observed in the present study.
EPR, except for Clausocalanus lividus during Hivern-
00, were also much lower in summer (both years) than
in the present study (Table 4). These differences in
EPR, however, were smoothed when translated into
weight-specific growth rates, due to differences in
female body sizes. The winter specimens of C. lividus,
Acartia clausi and Centropages typicus were 10, 15
and 21% longer than the summer ones, respectively.
As a consequence, weight-specific growth rates for C.
typicus in winter were on average only 62% higher
than in summer, although differences were not signifi-
cant (ANOVA test, p > 0.08). For C. lividus, weight-
specific growth rates during summer were at the lower
end of the range of winter values. For A. clausi, winter
weight-specific growth rates were clearly much higher
than summer values. 

DISCUSSION

Winter scenario

The presence of a late-winter phytoplankton bloom
is a recurrent feature of Mediterranean waters (Caccia-
mani et al. 1992, Modigh et al. 1996, Mura et al. 1996,
Duarte et al. 1999, Calbet et al. 2001), although there is
interannual variability in its timing. That would ex-
plain the low chl a values during the Hivern-00 cruise
(January-February) compared with Hivern-99 (March),
when the bloom was fully developed. This is supported
by the higher primary production rates measured dur-
ing Hivern-99 (Morán & Estrada unpubl.). The influ-
ence of the different hydrographic structures of the
Catalan frontal system on the distribution of the zoo-
plankton community is also clear. However, the area
of maximum phytoplankton did not coincide with the
maximum zooplankton abundance. Such a contrast
has been previously described in the same area (Cal-
bet et al. 1996) and in other frontal structures (Uye et
al. 1992), and could be attributed to a higher zooplank-
ton mortality due to predation (Uye et al. 1992) or to
removal of organisms by advection.

The effect of the frontal structure on copepod dy-
namics appears only in the quasi-synoptic data from
the Barcelona transect in the Hivern-00 cruise; no
apparent differences were observed in copepod EPR
among the fixed biological stations (coastal, frontal,
oceanic). Again, temporal variability masked any
trend. At least indirectly, the structures of the frontal
system must have affected EPR through changes in
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Table 4. Metasome length (µm), mean egg production rates
(EPR, eggs fem–1 d–1), and mean weight-specific growth rates
(g, d–1) of Acartia clausi, Centropages typicus and Clauso-
calanus lividus during summer in the NW Mediterranean.
Data from Calbet et al. (1996) (summer 93) and Saiz et al. 

(1999) (summer 95)

Metasome EPR g

Summer 93
C. typicus Coastal

Frontal 990 10.9 0.01
Oceanic 990 11.7 0.10

A. clausi Coastal
Frontal 840 1.8 0.02
Oceanic 840 1.9 0.03

Summer 95
C. typicus Coastal 947 15.4 0.09

Frontal 988 19.7 0.09
Oceanic 917 4.9 0.03

C. lividus Coastal 1129 10.9 0.03
Frontal 1125 7.2 0.02
Oceanic 1080 2.2 0.01

Table 3. Daytime chl a concentration (total and >5 µm, mg m–3)
and mesozooplankton abundance (ind. m–3) during summer
in the NW Mediterranean. Data from Calbet et al. (1996)
(summer 1993) and Saiz et al. (1999) (summer 1995). Values
correspond to the average concentration of chl a in the first
90 m (summer 1993) and 60 to 70 m of the water column (sum-
mer 1995), and to the average abundance of zooplankton 

from 200 m (when possible) to surface

Total chl a >5 µm chl a Zooplankton

Summer 93
Coastal 773
Frontal 0.34 493
Oceanic 0.43 260

Summer 95
Coastal 0.36 0.18 1013
Frontal 0.39 0.20 1373
Oceanic 0.46 0.14 809
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chl a concentration (and very likely other seston
components).

The response of EPR to changes in chl a concentra-
tion was different for the 3 copepod species. EPR of
Centropages typicus saturated around 0.5 µg l–1 of
>5 µm chl a, but in the other species the response was
different. In fact, for Acartia clausi, EPR seemed to be
independent of chl a concentration, although this could
be due to the few data available. 

Consistent with the high values of chl a found during
the winter-bloom conditions during the Hivern-99
cruise, the maximum EPR obtained were also very high.
For Centropages typicus and Acartia clausi they were
close to the maximum reported productions for similar
temperatures (Razouls 1975, Dagg 1977, Ianora et al.
1992, for C. typicus ; Uye 1981, for A. clausi). Even
though very variable, the maximum EPR of Clauso-
calanus lividus (around 100 eggs fem–1 d–1 for some
individual bottles) are higher than previous data on
Clausocalanus species (Hopcroft & Roff 1998, Saiz et
al. 1999). This species, although a free spawner (Saiz &
Calbet 1999), belongs to a typically egg-sac-bearing
genus. Possibly, despite its lack of an egg sac, its
clutches are produced at long intervals, typical of egg-
sac-carrying copepods. This could explain the fact that
after 24 h incubation in some of the 4 to 5 replicated
bottles very few eggs (or no eggs) were laid, while in
others, where by chance a clutch was released, esti-
mated EPRs were extremely high.

Additional information that may be derived from
secondary production is that of the carbon consumed
inferred from the carbon produced, and its relation
with (autotrophic) carbon availability. Table 5 shows
the estimated clearance rate on phytoplankton needed
to maintain the observed specific growth rates if cope-
pods were considered strictly herbivorous. The calcu-
lations have been done assuming a phytoplankton car-

bon:chlorophyll ratio for the whole water column of 40
(Delgado et al. 1992, L. Arin pers. comm.), and consid-
ering a gross growth efficiency of 40% (Kiørboe et al.
1985). The lowest clearances corresponded to the
copepod Clausocalnus lividus at the frontal stations
(both years), whereas the highest rates were observed
for Centropages typicus also at the frontal stations
(Hivern-00). In general, the clearance rates calculated
are realistic, and close to maximum attainable rates for
copepods of similar size feeding on algae (~100 ml
copepod–1 d–1 for Acartia tonsa, Berggreen et al. 1988,
Kiørboe et al. 1996; or ~50 ml copepod–1 d–1 for C.
typicus, Tomasini & Mazza 1979). An exception to this
were the values for C. typicus during Hivern-00, indi-
cating that autotrophic food ingestion was not enough
to cover the carbon requirements for egg production,
and that other heterotrophic food species are ingested.
Ciliate abundance alone, however, seems insufficient
to explain the EPR found in Hivern-00. Assuming size
(20 µm diameter) and abundance (2 cells ml–1) of cili-
ates for the NW Mediterranean during winter (Vaqué
et al. 2001), and a daily clearance rate for adult C.
typicus of 200 ml copepod–1 d–1 (Caparroy et al. 1998),
we would expect a contribution of ca. 3 eggs fem–1 d–1

on EPR due to ciliate ingestion, which is not enough
to explain the EPR of Hivern-00. Hence, other factors
such as turbulence, which has been shown to increase
clearance rates upon ciliates by as much as a factor of
4 (Saiz & Kiørboe 1995, Caparroy et al. 1998), and
organismal aggregation in patches (Mackas et al.
1985, George 1989, Davis et al. 1991, Montagnes et
al. 1999) could be involved.

Comparison of winter and summer environments

While during summer stratification primary produc-
tion is confined to certain water layers in which there
is a trade-off between light intensity and nutrient
availability, during winter, or in general in well-mixed
waters, phytoplankton is more evenly distributed, and
at times more abundant (Hivern-99). It seems, how-
ever, that the biomass of mesozooplankton supported
by unit of phytoplankton biomass was lower in winter,
denoting a less efficient food web. Yet, the winter
mesozooplankton community was highly productive,
indicating more likely zooplankton losses possibly by
predation or advection. Although advective losses can-
not be rejected, the presence of active predators of
zooplankton, like sardine larvae, during winter months
(Palomera & Olivar 1996) may be a main cause sup-
pressing a more numerous zooplankton community. 

Besides stratification, temperature is one of the most
relevant factors determining seasonal differences in
physiological processes in temperate latitudes. How-
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Table 5. Predicted clearance rates on the >5 µm chl a (ml
swept clear ind.–1 d–1), based on the food ingestion required to
maintain the egg production rates found during the study.
The stations of the transects corresponding to Palamós and
Barcelona of each cruise were grouped (mean ± 1 SE) into 

coastal, frontal and oceanic stations

Species Station Hivern-99 Hivern-00

Centropages Coastal 262 ± 85.2 0321 ± 26.2
typicus Frontal 0617 ± 86.6

Oceanic 116 1046 ± 159.9

Clausocalanus Coastal 056 ± 26.6 0058 ± 33.6
lividus Frontal 015 ± 11.7 0055 ± 29.8

Oceanic 156 ± 131.8 0139 ± 44.8

Acartia clausi Coastal 066 ± 13.5
Frontal 022 ± 3.8
Oceanic 014 ± 3.2
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ever, the higher copepod EPR in winter in the present
study indicates that production rates were weakly
influenced by temperature compared with other vari-
ables, such as food availability. Accordingly, the use of
recent models predicting EPR from temperature and
organism size (Huntley & Lopez 1992, Hirst & Lampitt
1998) greatly underestimate the production observed
(Fig. 8). This is indicative of a higher importance of
food concentration in front of temperature as driver
of EPR (Calbet & Agustí 1999) and denotes that the
copepods in this system are physiologically adapted to
the environmental temperature to maintain maximum
growth rates if sufficient food is available. 

Studies in NW Mediterranean coastal areas, like the
Gulf of Naples, also report higher copepod production
during February-March, with values of EPR similar to
the ones found in our study (Ianora & Buttino 1990,
Ianora et al. 1992). More recent works showing lower
EPR year-round (Halsband-Lenk et al. 2001, Ligurian
Sea) seem to be biased by the use of filtered seawater
to incubate copepod females (Saiz et al. 1997). Regard-
less, it is remarkable that our EPRs from open-ocean
waters compare with, or are even higher than, coastal
EPRs. How these high productions are maintained
with the available prey concentration has been dis-
cussed above, but there are some noteworthy differ-
ences between seasons. Ciliate abundance and bio-
mass seem to show a recurrent minimum in coastal
NW Mediterranean areas during winter months (Vaqué
et al. 1997, Modigh 2001), while phytoplankton pro-
duces intermittent blooms and higher concentrations

(Estrada et al. 1999, this study). This situation could
result in a greater proportion of heterotrophs in the
diet of zooplankton during periods of scarcity of
autotrophs (e.g. summer), and therefore in a higher
relevance of microbial food webs. In contrast, during
the winter phytoplankton bloom, when water is richer
in autotrophic food, plankton interactions must be
mediated through a shorter, and more efficient, food
chain (copepods-phytoplankton). Proof of this can be
found in the higher coupling between copepod pro-
duction and phytoplankton biomass during this study,
in contrast with previous records during summertime.

In summary, our data from the NW Mediterranean
depict a highly productive copepod community feed-
ing mostly on autotrophs during phytoplankton bloom
conditions. This situation contrasts with the planktonic
community from the rest of the year, in which the
phytoplankton is less abundant, and copepods tend to
grow at lower rates, probably taking a good portion of
their nourishment from heterotrophic organisms.
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