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Abstract

Ingestion by mesozooplankton and micronekton was monitored during two of the ANTARES cruises in the Indian
sector of the Southern Ocean in spring and summer. The composition of the mesozooplankton populations varied in
space and with season. Copepods always dominated in number and biomass, but salps and pteropods were present in
the northern part of the transect in summer. Five species of large copepod (Calanus simillimus, Calanoides acutus,
Rhincalanus gigas, Calanus propinquus and Metridia gerlachei) dominated the biomass with a North-South gradient.
Smaller species (Qithona spp., Ctenocalanus citer, Clausocalanus laticeps) were also present. Biomass showed a definite
trend with highest levels towards the polar front zone and permanent open-ocean area. Feeding activity was monitored
either for the total population (summer) or specific individuals (spring). In summer, depending on the area considered,
grazing rates by mesozooplankton appeared to have a significant impact on phytoplankton primary production. In the
northern part of the transect (polar front zone or PFZ), salps and to a minor extent pteropods and copepods
contributed mostly to the feeding pressure. Maximum intensity was observed in the Coastal Antarctic Zone (CCSZ)
where Euphausia superba (adults and calyptopis larvae) could ingest more than 100% of the daily primary production.
In spring, the impact of copepods dominated the zooplankton community. Small calanoids and young stages of large
species of copepods rather than adult stages were the dominant contributors to grazing pressure. In summer, respiration
rates of the dominant copepod species showed that energy expenditure exceeded by far chlorophyll ingestion. This is
generally interpreted as the consequence of ingestion of alternate non-chlorophyll food source. The inverse correlation
between the biomass of microzooplankton and the area of maximum difference between grazing and respiration
confirmed that in summer the protozoans are strongly controlled by the copepod community. © 2002 Elsevier Science
Ltd. All rights reserved.

Zusammenfassung

La consommation de carbone particulaire par le zooplancton et le micronecton a été étudié pendant deux des
campagnes ANTARES dans le secteur sud-Indien de ’océan Antarctique au printemps et en été. La composition des
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communautés du mesozooplancton varie dans le temps et I’espace: les copépodes dominent généralement en nombre et
biomasse mais les salpes et ptéropodes sont présents dans la partie Nord de la zone d’étude en été. Cing espéces de
grands copépodes calanoides (Calanus simillimus, Calanoides acutus, Rhincalanus gigas, Calanus propinquus et Metridia
gerlachei) dominent la biomasse avec un fort gradient Nord-Sud. Les petites especes (OQithona spp., Ctenocalanus citer,
Clausocalanus laticeps) sont aussi présentes. La biomasse totale montrent des valeurs plus élevées au voisinage du Front
Polaire et dans le Zone Océanique sans Glace.

L’intensité du broutage a été quantifiée soit sur la population totale (Eté) soit au niveau de I’espéce (printemps). En
été, I'activité nutritionnelle montre un impact significatif sur la production primaire. Dans la région Nord (Front
Polaire), les salpes et, dans une moindre mesure, les ptéropodes et les copépodes assurent ’essentiel de la pression de
broutage. Dans la région cotiere et du plateau continental Antarctique, ’essentiel de la consommation est faite par
I’euphausiacé Euphausia superba (adultes et larves calyptopis) dont la pression de broutage atteint 100% de la
production primaire journaliére. Au printemps, les petits calanoides et les jeunes stades des grandes especes de
copépodes assurent I’essentiel de la prédation sur le phytoplancton. En été, les niveaux de dépenses énergétiques
(respiration) des principales especes de copépodes montrent un net excédent par rapport a I’assimilation du carbone
phytoplanctonique. Ce déficit est généralement interprété comme la conséquence d’une nutrition a partir d’organismes
non-chlorophylliens. La corrélation inverse entre biomasse de microzooplancton et les régions de maximums de déficit
métabolique confirme qu’en été les populations de protozoaires sont fortement contrdlées par la communauté des

copépodes.

1. Introduction

Various studies have suggested a relatively
minor role on the influence of oceanic mesozoo-
plankton grazing on phytoplankton (Atkinson
et al., 1996; Dam et al., 1993; Morales et al.,
1991, 1993; Tsuda and Sugisaki, 1994; Ward et al.,
1995). In the Antarctic communities, the per cent
of primary production consumed daily varies with
season, location, population structure and abun-
dance, but most of the time remains below 5%
(Atkinson and Shreeve, 1995; Atkinson et al.,
1996; Hopkins, 1987; Swadling et al, 1997), though
higher values ranging from 25% to 80% have been
reported (Perissinotto, 1992; Ward et al., 1995).

The general consensus on low-grazing impact is
largely based on feeding rate data obtained on
copepod populations using the recommended gut
pigment technique (gut content and transit time)
or differential chlorophyll-based assays or incuba-
tion techniques followed by microscope enumera-
tion of the grazed and non-grazed particles.
Because these methodologies focus on live phyto-
plankton, they do not account for feeding mode on
protozoan cells (Atkinson, 1994; Gifford, 1993;
Stoecker and Egloff, 1987, Turner and Graneli,
1992; Waidyana and Rassoulzadegan, 1989) or

small zooplankters (Landry, 1981; Metz and
Schnack-Schiel, 1995) or on detrital carbon (Pou-
let, 1976), providing a source of nutrition for the
animal not detected by any of the chlorophyll-
based techniques. Moreover, they only consider
copepods as the acting grazers in the zooplankton
communities.

Measurement of natural grazing rate for oceanic
mesozooplankton remains a major challenge, and
we need information on the various sources of
carbon ingested to ascertain the actual role of the
communities. During the ANTARES programme
in the Indian sector of the Antarctic Ocean, a
survey of the zooplankton population and feeding
activity was carried out at three seasons (spring,
summer and early fall) and from the subantarctic
front to the Antarctic coastal waters.

In the present paper, we review the data
obtained for the different zooplankton commu-
nities and individual species sampled during two
cruises. We also attempt to relate them to separate
evaluations of energy expenditure to derive more
appropriate feeding rates. Such comparison should
help in understanding the influence of zooplank-
ton metabolism in the biological pump of carbon
and ascertain its role in a specific province of the
Antarctic Ocean.
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2. Methods
2.1. Zooplankton abundance and biomass

ANTARES 2 and 3 cruises took place along
62°E at two different periods. The first one took
place in summer (February—March 1994) between
50°S and 68°S, and the second one in spring
(October—November 1995) between 49°S and 58°S
at the ice edge (Fig. 1). Additional data came from
the ANTARES 4 cruise, which took place in

summer in the frontal zone North-West of the
Kerguelen archipelago between 44°S and 46°S and
between 62°E and 65°E.

The abundance and biomass of mesozooplank-
ton were estimated from vertical tows using a
triple WP II net (200 pm mesh size). Hauls were
made from 200 m to the surface. The contents of
the first net, which was used for population
structure analysis, were preserved in formalin.
The second net, used for total biomass measure-
ment, was filtered on pre-weighed 200-um sieves,

% chs Kerguelen
-50
Alle Al6
AlS

]

Al4

th
&
o]

Valdivia
Abyssal Plain

Latitude South
>

661 Aos

Mac Robertson Land

Amery
Ice Shelf

-48

-50

-52

-54

-56

-58

-60
60 65 70
St.‘S Aguhlas front

-44 St.gd. - 4°St, 7

Subtropical front

Subantarctic front

-46

%3 N\ ‘
-

-48 i {

=‘| i\er;,uelen [siunda‘

e

-50

60 64 68 72

62.0 64.[) 66.(] 68.0 7()()

Longitude East

Fig. 1. Investigated zones and locations of sampling stations during the three Marion-Dufresne cruises: left, ANTARES 2 (February—
March 1994); top right, ANTARES 3 (September—October 1995) and bottom right, ANTARES 4 (January-February 1999).
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rinsed with ammonium formate, and dried at 60°C
until constant weight. The content of the third net
was immediately diluted with surface water in a
40-1 cooler and used for experiments on live
animals.

2.2. Copepod feeding rates measured by gut
fluorescence method

Ingestion rates on phytoplankton were mea-
sured using the gut pigment analysis method
described by Dagg and Walser (1987). During
ANTARES 2, the zooplankton from night tows
was fractionated according to size on 2000, 1000,
500 and 200 um mesh. Each fraction was frozen on
Sharkskin filter paper and immediately deep-
frozen (—80°C). In the laboratory, the animals
were picked while frozen under dim cold light and
extracted in 90% acetone. Fluorescence was
measured before and after acidification with a
Turner 10 fluorometer. During ANTARES 3
and 4, a more specific approach was used, and
dominant species collected at mid-night and mid-
day were sorted live under dim cold light and
extracted immediately in 90% acetone. However,
the feeding budget considered solely night results.
In addition, experimental determination of gut
transit times and pigment destruction efficiency
were made. Detailed protocols can be found in
Tirelli and Mayzaud (1999) and Perissinotto et al.
(2001).

2.3. Respiration

Individuals from the diluted tow were placed
in a cold room adjusted at seawater temperature
(24°C in the Antarctic waters and 6-8°C in the
subantarctic area sampled during ANTARES 4).
Animals from night collection were sorted to
species, copepodite stage, and sex under a bino-
cular microscope (for the larger form directly by
eye) and placed in 1-1 beakers filled with filtered
seawater (0.45um) for 1-2h. The animals were
then placed in experimental chambers filled with
filtered seawater saturated in oxygen. The volume
of the chambers varied from 2 to 150 ml depending
on the size and the number of individuals (ind)
used. The animal density was kept around 400 ind/

1 for the smaller species (Qithona or Ctenocalanus)
and 20-40ind/1 (3—6/150ml) for larger copepod
species (Calanus propinquus or Rhincalanus gigas).
Control chambers without animals were used to
monitor possible oxygen changes. Incubations
were made under darkness at seawater tempera-
ture for periods varying around 15-24 h at 2-4°C
and 12h at 6-8°C.

Oxygen concentration was monitored using a
Strathkelvin oxygen meter equipped with a Clark-
type electrode. Oxygen consumption was com-
puted by difference between beginning and end of
the incubation, corrected for a possible change in
the control bottles. Experimental animals were
usually preserved for length or weight measure-
ments. All measurements were normalised per unit
dry weight. Values of individual biomass of each
species were obtained from direct measurement
and or literature data (see Conover and Huntley,
1991). When specific dry weights were not avail-
able, values were computed from the relationship
between size and weight for that species (Uye,
1982; Cohen and Lough, 1981; Kubjeweit, 1993;
Webber and Roff, 1995).

A total of 13 different species were studied
(Calanoides acutus, C. propinquus, Calanus similli-
mus, Candacia maxima, Clausocalanus laticeps,
Ctenocalanus citer, Euchirella rostamagna, Metri-
dia lucens, Oncea antarctica, Pareuchaeta antarc-
tica, Pareuchaeta sp., Pleuromamma robusta,
Rhincalanus gigas). Usually three different cope-
podite stages were considered (C4 to adult).
Measurements were made in triplicate. Mean
values for all species and stages were used to
compute the regression between dry weight and
respiratory rates. The resulting relationship
is: log Resp(ul O, /ind d) = 0.78(+0.018)log Dw +
1.28(40.016) (R*> = 0.988).

2.4. Egg production

Copepods egg production experiments were
performed at different stations along the transect
48°59’'S (A18)-58°16'S (M04), with main surveys
at the two long-term stations M02 and M04. Night
collections of copepods were immediately diluted
and stored in a cold room at the temperature near
that of in situ water, i.e. 5°C in the north and 1°C
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in the south. Females were sorted by eye according
to the apparent dark colour of their gonads, and
isolated individually in vials filled with 30ml of
natural seawater from the field. They were then
incubated under controlled conditions (cold-room
temperature, dim light). Vials were inspected every
day, eggs were counted, and the females trans-
ferred into new natural water. Experiments were
carried out on the five most abundant species of
copepods,

2.5. Contribution of copepodite stages to population
density

For each large species (C. acutus, C. propinquus,
C. simillimus, R. gigas, M. lucens), the actual
copepodite stage composition was used to calcu-
late their contribution to the total copepod
community of each zone. This contribution is a
weighted average taking into account the relative
frequencies of copepodite stages. The small species
(Oithona, Oncaea, Clausocalanus, Ctenocalanus,
Scolecithricella) were only partially sampled by
the 200-um mesh net and were mainly represented
by their adult and C5 stages. Thus, their contribu-
tion was computed considering these two stages
only. Full account of the composition of the
copepod population can be found in Errhif (1998).

3. Results
3.1. Biomass distribution and population structure

Zooplankton biomass, in terms of dry weight,
was integrated over the 200-m water column
sampled. The values varied with the time of the
day, the season, and the location (Fig. 2). The dry
weight ranged from 2.4 to 16 g/m? in summer, with
dominance of late copepodite and adult stages
(ANTARES 2), and from 0.6 to 16 g/m? in spring,
with a dominance of young copepodite stages
(ANTARES 3). This seasonal variability was
associated with a strong and variable spatial
heterogeneity. In summer, maximum values were
observed in the permanent open-ocean zone
(POOZ, station Al4) and to a lesser extent on
the polar front zone (PFZ, station A17) while

minimum values were recorded in the seasonal ice
zone (SIZ) and the continental shelf zone (CCSZ).
In spring, biomass was maximum in the SIZ
(station A12), intermediate in the POOZ and low
in the PFZ. In the subantarctic—subtropical area
(ANTARES 4) biomass was on average lower,
with values ranging from 0.3 to 13g/m? with
maximum values in the PFZ and minimum ones in
the subtropical areas. Day-time biomass was
generally lower than at night, confirming diurnal
vertical migration of part of the population.

Abundance in number of individuals per cubic
metre confirmed the dominance of copepods in the
community regardless of the station or the season
considered (Table 1). In summer, the salps (Salpa
thomsoni) and the pteropods (mostly Limacina
spp.) were limited to the northern part of the
transect (POOZ), while euphausiid larvae were
located in the Antarctic shelf area (CCSZ). In
spring, salps were low in number and found only
in the SIZ area (Table 1). Pteropods and euphau-
siid larvae showed the same North—South gradient
observed in summer, but with lower densities.
Detailed species composition of the copepod
group can be found in Errhif (1998) as well as
distribution of the copepodite stages for the four
dominant species of large copepod. A summary is
presented in Table 2, which shows the dominance
of the cyclopoid species in numbers at all seasons
and locations, followed by C. citer in the POOZ
and SIZ areas at both seasons, and Oncea spp. in
the CCSZ. Larger copepod species such as
C. simillimus were mostly located in the POOZ at
both seasons, while R. gigas and C. acutus were
evenly distributed in POOZ and SIZ, with higher
densities in spring. C. propinquus was present
mostly in the SIZ in summer. M. [ucens
was recorded in both POOZ and SIZ, while
M. gerlachei was to a large extent restricted to
the CCSZ. Using the index defined by Marin
(1987) and Huntley and Escritor (1991), copepo-
dite stages dominated at all times, with younger
stages in spring for C. propinquus ([S]=3.1-3.6
versus 2.4), similar stage distributions at both
seasons for Rhincalanus gigas ([S]=2.8-4.3), and
a younger stage in summer for C. acutus ([S]=3.4—
4.1 versus 5.3-5.8) and C. simillimus ([S]=4.3-5
versus 5-5.2).
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Table 1

Abundance estimates (number/m®) of the main taxa of the mesozooplankton community during the two cruises

ANTARES 2 (summer)

ANTARES 3 (spring)

POOZ S1Z CCSz PFZ POOZ S1Z
Copepods 320 114 293 299 198 591
Euphausiid larvae 7.5 2.0 104 1.6 3.2 14.4
Pteropods 1.4 0.1 0.5 0.6 0.9 0.3
Salps 3.4 0 0 0 0 0.1

Table 2

Composition of the copepod populations in the different oceanic provinces of the Indian sector of the Antarctic Ocean in spring

(ANTARES 3) and summer (ANTARES 2)

Copepod species ANTARES 2 ANTARES 3

POOZ (%) S1Z (%) CCSZ (%) POOZ (%) SI1Z (%)
O. similis 25.2 52.4 57.2 21.0 40.5
Oithona frigida 25.1 11.9 0.4 12.5 14.0
C. citer 22.3 21.9 7.0 37.4 23.9
C. simillimus 20.5 0.2 — 13.3 0.7
% females in spring (34.1) (11.1)
R. gigas 0.4 0.6 — 7.3 3.6
% females in spring (2.2) (12.6)
C. acutus 0.3 0.9 0.4 1.2 34
% females in spring (83.9) (25.2)
C. propinquus 0.1 1.3 0.8 0.04 0.7
% females in spring (80) (13.4)
Paraeuchaeta copepodites 0.1 0.2 — 0.5 0.3
Oncea spp. — 2.4 24.5 1.1 7.6
M. lucens 0.5 1.8 — 2.2 1.1
M. gerlachei — 0.7 34 — —
Total 94.5 94.3 93.7 96.5 95.8

Data are expressed as % in number/m? for the total population. (—): absent.

3.2. Gut pigment content

Pigment gut content was analysed in two
different ways throughout the cruises. A global
approach was used during ANTARES 2, and
analyses were made on the zooplankton popula-
tion fractionated into three size categories. The
smaller size (200-500 pm) consisted mostly of the

o

copepods Oithona spp., Oncaea spp. and C. citer,
the medium size (500-1000 um) included most
species of medium size copepod, (e.g., C. simillimus
in the PFZ and POOZ, C. acutus in the POOZ and
SIZ and calyptopis stages of E. superba in the
CCSZ), the 1000-2000 um size range comprised
mostly large species of copepods (C. propinquus,
M. gerlachei, and R. gigas). As anticipated,

|

Fig. 2. Distribution of the mesozooplankton dry mass along the transect surveyed during the three cruises ANTARES 2, 3 and 4.

White bars: day-time and black bars: night-time.
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maximum gut contents were recorded for the
large-size fraction, with the noticeable exception of
the CCSZ where the medium size calyptopis larvae
showed the highest values (Fig. 3). Overall, the
summer period was characterised by relatively
low chlorophyll gut content, ranging from 0.01 to
0.6ng/ind. Station A06 (CCSZ) was further
divided into major individual species, and the
highest gut content (0.7 +0.1 ng/ind) was observed
for the large copepod R. gigas (Fig. 3). Similar gut
pigment levels were recorded for the copepods
C. acutus, C. propinquus, M. gerlachei and the
calyptopis of E. superba. Low levels occurred in
the small cyclopoid Oithona spp. (Fig. 3).

ANTARES 3

Total pigment gut content (ng.ind™")

S o o
o > o™
™ ?\e‘\‘&& o

Fig. 4. Mean gut pigment content (+standard deviation) and
day—night periodicity of the most abundant copepod species
during the ANTARES 3 spring cruise. Symbols: D =day (white
bars) and N =night (black bars).

A species-specific analysis was used during the
next cruise. In spring (ANTARES 3), most of the
biomass consisted of a small number of copepod
species. Pigment gut content was measured from
day- and night-time captures. The levels recorded
were higher than in summer, with values ranging
from 0.2 to 16ng/ind (Fig. 4). A clear day—night
feeding rhythm was noticeable, and the highest gut
content was recorded for the copepod P. robusta at
night (15.9+3.3ng/ind) followed by stage C3-C4
of R gigas and C. propinquus (3.5-6.1ng/ind,
respectively). The lowest values were observed for
C. simillimus (Fig. 4). In summer the zooplankton
population sampled in the PFZ (ANTARES 4)
showed a wide range of pigment gut content
depending on the taxa considered (Fig. 5). Cope-
pod showed typical summer low values ranging
from 0.4 to 0.8ng/ind as did some euphausiid
species such as Thysanoessa sp. Higher gut content
was recorded for pteropods (Limacina spp.,
Cavolinia sp.) or euphausiids (Euphausia long-
irostris, Euphausia spinifera), with values ranging
from 3 to 98 ng/ind. Maximum gut content was
observed for the salp S. thomsoni (272 + 60 ng/ind).
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species collected in the PFZ during ANTARES 4 summer
cruise. Symbols: D=day (white bars) and N=night (black
bars).

3.3. Ingestion rates from pigment gut content and
energy requirements

Ingestion rates were computed using measured
gut transit time (Tirelli and Mayzaud (1999),
Perissinotto et al. (2001), literature data or
unpublished data (see table legends)). Correction
for pigment degradation was assumed to be
50% (mean degradation values for Antarctic and
subantarctic species; Perissinotto, 1992), and
results were compared with chlorophyll standing
stock (Fiala and Oriol, 1995; Panouse et al., 1997,
Fiala, unpubl.) and primary production (Caubert,
1997).

3.3.1. Summer Antarctic population (ANTARES 2)
The grazing activity observed in summer for the
copepod communities suggested an increasing

trend with increasing latitude (Table 4) without a
direct relationship with either the phytoplankton
standing stock or the level of primary production.
The corresponding percentage of primary produc-
tion removed appears very small in the POOZ
(station AOQ1), intermediate in the SIZ (station
All), and maximal, though limited, in the CCSZ
(station A06). The feeding activity associated with
E. superba adults or larvae in the CCSZ is far more
important, as it represented an intake of 100% of
the primary production (Table 3). Similarly, the
non-crustacean taxa showed a significant contri-
bution to grazing, with salps dominating in the
POOZ. Pteropods showed a small but significant
contribution in the POOZ and SIZ areas (Table 3).
The influence of the entire zooplankton commu-
nity showed a strong spatial variability related to
taxonomic composition, with levels of total con-
sumption representing 21% of the primary pro-
duction in the SIZ, 66% in the POOZ and 143% in
the CCSZ.

Comparison between carbon respiratory re-
quirements and gut-pigment-derived ingestion for
copepods showed that phytoplankton feeding did
not correspond to the energetic requirements
(Table 4). Interestingly, the percentage of respira-
tion expenditure covered by pigment ingestion
decreased from south to north, with 45% in the
CCSZ, 26% in the SIZ, and 7% in the POOZ.
Assuming that the difference corresponds to non-
phytoplankton feeding, the ingestion rate on
heterotrophic cells dominated in all areas, with
values ranging from 63 to 68 mg C/m?d in the SIZ
and CCSZ, respectively, and 155mgC/m*d in
the POOZ (Table 4). This represented 14-172% of
the microzooplankton biomass measured by
Becquevort et al. (2000).

3.3.2. Spring Antarctic population (ANTARES 3)

Phytoplankton ingestion was measured for the
adult stages of the five dominant species in the
population. C. propingquus showed the highest
ingestion, while R. gigas and P. robusta displayed
intermediate values, and C. simillimus and
C. acutus showed the lowest rate (Table 5). These
rates were on average higher than those recorded
in summer during ANTARES 2, in agreement
with the higher chlorophyll concentration.
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Ingestion rate computed from pigment gut content of the different components of the summer Antarctic zooplankton community

sampled during ANTARES 2
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Station Chl.a POC (g/m?  POC/Chl Ingestion rate Corrected ing. % Primary
(mg/m?) (mgC/m2d)  rate (1) production

Mesozooplankton
Copepod A06 32.1 7.97 248 17.2+3.7 344 324

All 8.5 3.32 389 7.7+1.5 154 14.4

A01 25.5 8.16 320 43409 8.6 8.2
Micronekton
E. superba A06 106+ 18 100.0
Euphausiid larvae A06 10+2 9.4

All 0.31+0.06 0.3

A0l 0.92+0.18 0.9
Non-crustacean
taxa
Salps (S. thomsoni)
0.5-2cm A0l 55+24 53.5
Pteropods (1 mm)
(Limacina spp.) A06 0.86 0.8

All 62+1.5 5.8

A0l 3.5409 3.3

Chlorophyll a and particulate organic carbon (POC) were integrated over 100 m. Primary production (mg C/m?d): CCSZ (St06) 106.1;
SIZ (St11) 106.7 and POOZ (St01) 104.2. (1): Copepod pigment gut content was corrected assuming 50% loss. Gut transit time
averaged for each size category of the copepod population (small size Oithona spp. (1h), Atkinson, 1996; medium and large size transit
time (1h30) derived from Tirelli and Mayzaud (1999) except for Euphausia calyptopis larvae (1h05), S. thomsoni (4h) and Limacina
(1h), which were derived from Perissinotto (1992) and Pakhomov et al. (1997).

Table 4
Comparison of direct measurement of ingestion rate of copepods from pigment gut content with respiratory requirements

POOZ A01 SIZ All CCSZ A06
Ingeo, (corrected Ing) mg C/m>d 8.6 15.4 344
Mean dry weight (pg/copepod) 134.5 212.3 68.6
Respiration rates pg C/indd 1.92 1.53 1.14
Respiration rates mg C/m?d 123 58 77
Ing,.s, equivalent to respiration (mg C/m2 d) 164 78 102
Ingprom: Ingrcspflngcor (mg C/m2 d) 155 63 68
Ing, o0 % biomass microzoo 172 24 14

Respiration computed from size/respiration regression from ANTARES 3: log Resp(ul O,/ind d)=0.78 log Dw + 1.28 (R? = 0.988).
Respiration converted to carbon assuming RQ = 0.9. Micro-protozoan biomass from Becquevort et al. (2000).

Spring is the period of maximum reproductive
activity, and estimation of energy requirement
must include both respiration and egg production
losses (see below for terms of the calculation). The

comparison between phytoplankton carbon intake
and energy requirements (Table 6) suggests a
more balanced situation than that observed during
the summer period. Indeed, feeding exceeds
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Table 5
Ingestion rates of adult females computed from total gut pigment for spring populations (ANTARES 3) and corrected for a mean loss
of 50%
Species Station/area Chl a (mg/m?  POC (g/m?  POC/Chla Ingestion (ugC/indd)  Ingestion corr.
C. propinquus NV4 82.7 25.8 312 20.2+5.3 30.3
C. acutus S1Z 312 2.540.8 3.8
R. gigas NV4 312 10.2+2.1 15.3
P. robusta POOZ 47.1 5.1 107 11.1+5.7 16.7
C. simillimus Mostly PFZ, POOZ 46.9 9.8 208 28+1.7 4.2

Gut transit time from Tirelli and Mayzaud (1999), Atkinson et al. (1992a, b) for C. simillimus and Atkinson (1996) for P. robusta.

Table 6

Carbon budgets (respiration + egg production) and equivalent ingestion rates of the dominant species of adult female copepods from

the spring populations (ANTARES 3)

Species Ing corr Respiration Egg production Egg production C requirements
(ngC/ind d) (ngC/ind d) (egg/Femd) (ugC/ind d) (ngC/ind d)

C. propinquus 30.3 9.4+3.7 51428 25.5 349

C. acutus 3.8 6.4+2.1 20+9 10.0 16.4

R. gigas 15.3 8.6+2.7 15+7 13.5 22.1

P. robusta 16.7 5.440.9 0 0 5.4

C. simillimus 4.2 32+1.2 11+7 5.5 8.7

Carbon content of egg=0.5ug for C. propinquus, C. simillimus, C. acutus and 0.9 ng C for R. gigas (see text). Carbon requirements

computed assuming 75% assimilation and an RQ = 0.9.

respiration expenditure in all cases except
C. acutus. Respiration and egg production energy
demands were almost met by ingestion for
C. propinquus but not for the other species.
However, egg production does not solely rely on
immediate carbon intake but also on the energy
stored as lipids, introducing a time lag between
carbon intake and catabolism into egg.

To build a metabolic budget at the population
level, total respiration was calculated for each
dominant species using weighed means to take into
account the differences in frequency of the
different copepodite growth stages (Errhif, 1998).
Values were then converted to carbon assuming an
RQ of 0.9 (Omori and Tkeda, 1984) and converted
to the population using the relative numeric
abundance of each species. A carbon content
of 0.37ugClegg was reported for C. propinquus
(Kosobokova, 1994) and of 0.3pg/legg for
C. acutus (Lopez et al., 1993). An indirect estimate
also could be obtained using the dry weight
reported by Ward and Shreeve (1995) for

C. simillimus (1.1 pg/egg), C. acutus (1.2 pg/egg),
and R. gigas (2.31 pg/egg), assuming 50% carbon.
Most large arctic calanoids (C. hyperboreus, C.
glacialis) display, for about the same size, carbon
contents ranging from 0.4 to 0.56 ug C/egg (Hunt-
ley and Lopez, 1992). We choose to use a mean
value of 0.5 pg/egg for C. acutus, C. similimus and
C. propinquus, and a value of 0.9 ug/egg for the
larger species R. gigas, assuming that the ratio in
dry weight applies to the carbon content. The sum
of respiratory requirements and egg production
gives the rate of minimum ingestion, which
covered the energy expenditure. In the POOZ
(Table 7), the contribution of C. simillimus and R.
gigas dominated, followed by C. acutus, C. citer
and to a minor extent M. [ucens. Assuming that
phytoplankton provided the bulk of the food, this
minimum grazing rate represented a consumption
of 66% of the local daily primary production. In
the SIZ (Table 8), the same computation showed a
dominant contribution of C. acutus and R. gigas,
followed by C. citer, C. propinquus and Oithona
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Table 7
Carbon budget and equivalent ingestion rates for the copepod population of the POOZ area during spring (ANTARES 3)
Species POOZ
Respiration [R] Ingrep (mgC/  Egg prod. [E]  Ingquivrir % Prim.
(Wl O, mg/Dwd) m?d) (mg C/m?d) (mg C/m?*d) production
C. acutus 249+4.5 6.3 3.0 9.3 7.5
C. propinquus 17.9+2.6 0.3 0.3 0.6 0.5
C. simillimus 24.5+1.3 24.3 12.5 36.8 30.1
C. laticeps 38.2+6.0 0.2 0.2 0.1
C. citer 42.8+5.2 8.1 8.1 6.6
M. lucens 314428 2.7 2.7 2.2
0. frigida 79.5% 0.8 0.8 0.6
0. similis 79.5% 1.3 1.3 1.1
Oncaea antarctica 51.5+6.2 0.2 0.2 0.2
Paraeuchaeta spp. 21.7 1.9 1.9 1.5
R. gigas 25.7+2.4 17.5 0.9 18.4 15.0
Scolecithricella minor 43.8% 0.7 0.7 0.6
Total 81.0 66.0

Ingestion equivalent to respiration requirements (Ing.,) assumed an assimilation efficiency of 75%. Egg production of the large
copepod species was converted at population level considering the % females of each species.
#Respiration rates derived from the regression between respiration and weight (see Table 2).

Table 8
Carbon budget and equivalent ingestion rates for the copepod population of the SIZ area during spring (ANTARES 3)
Species SI1Z
Respiration [R]  Ingeqp Egg prod. [E] Ing.quivrs e % Prim.
(W O0,/mgDwd) (mgC/m*d) (mgC/m?d) (mg C/m?d) production
C. acutus 259+438 21.9 10.1 32.0 13.3
C. propinquus 21.14+3.2 2.1 2.6 4.7 1.9
C. simillimus 2494+1.5 0.4 0.6 1.0 0.4
C. laticeps 38.246.0 0.04 0.04 0.02
C. citer 42.845.2 7.4 7.4 3.1
M. lucens 31.24+2.8 1.9 1.9 0.8
Microcalanus pygmaeus 52.3% 0.3 0.3 0.1
0. frigida 79.5% 1.2 1.2 0.5
O. similis 79.5% 3.6 3.6 1.5
O. antarctica 51.5+6.2 1.7 1.7 0.7
O. curvata 71.4% 0.1 0.1 0.04
Paraeuchaeta spp. 21.7 1.6 1.6 0.7
R. gigas 22.8+2.1 17.6 9.7 27.3 11.3
Scolecithricella minor 43.8* 1.4 1.4 0.6
Total 84.2 349

Ingestion equivalent to respiration requirements (Ing..,) assumed an assimilation efficiency of 75%. Egg production of the large
copepod species was converted at population level considering the % females of each species.
#Respiration rates derived from the regression between respiration and weight (see Table 2).
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Table 9
Grazing activity of the spring copepod communities (ANTARES 3) in relation with available daily primary production

POOZ S1Z

Chl a POC POC/ Ingestion % Primary Chl a POC POC/ Ingestion % Primary

(mg/m?® (g/m? Chla (mgC/m>d) production mg/m> g/m? Chla mgC/m>d production
Copepod species
C. acutus 47.1 5.0 107 0.6 0.5 40.5 12.6 250% 3.4 1.4
C. propinquus (+5.9) (x£1.1) 0.1 0.1 (+£4.3) (£1.8) 3.1 1.3
C. simillimus 4.7 3.8 0.6 0.3
R. gigas 0.4 0.3 7.7 3.2
M. lucens 11.4 9.3 40.4 16.7
Copepodite stages 59.3 48.4 65.6 27.2
Small calanoids 106.2 86.7 176.3 73.1
Oithona spp. 9.9 8.1 75.5 31.3
Non-copepod taxa
Euphausiid larvae 0.1 0.1 1.3 0.5
Pteropods 9.2 7.5 7.5 3.1
S. thomsoni — 5.7 2.4
Total 202 165 387 160

Values of Chl ¢ and POC integrated over 200m (depth of mixed layer). Primary production POOZ: 122.4, SIZ: 241.2mg C/m*d.

#C:Chl ratio computed from Hewes et al. (1990).

similis. The percentage of primary production
consumed daily is lower than in the POOZ, with
a value close to 35%.

The use of copepod energetic requirements as a
proxy of ingestion activity presents two potential
biases: (1) it ignores the influence of the non-
copepod taxa and (2) it is valid mainly for those
populations or communities with reduced growth
rates (adult populations). When young stages with
very active growth dominate the population, the
underestimation could be important. An alternate
computation was attempted using the present data
on adults and non-copepod groups as well as
literature data on chlorophyll-derived ingestion
rates for those species or group for which direct
measurements were not made, ie. M. lucens
(Atkinson, 1996) and Oithona spp. (Atkinson,
1996), small calanoid copepods (C. laticeps, C.
citer, etc.), and young copepodite stages of large
species (Schnack et al., 1985). As anticipated, the
ingestion rate computed at the population
level showed a major impact of the small
calanoid copepods and copepodite stages in
both the POOZ and SIZ areas (Table 9). The

contribution of Oithona spp. in the SIZ was
also major followed by the contribution of M.
lucens. In the POOZ, the other groups or
species that showed significant contribution were
Oithona spp. and the pteropod Limacina spp.
(Table 9). In terms of primary production
consumed daily, the budget exceeds the estimates
from energetic needs, with similar percentages
in both POOZ and SIZ (165% and 160%,
respectively).

4. Discussion

During the course of this study mesozooplank-
ton biomass ranged from values <2-16g/m? in
both spring and summer. This range brackets
fairly well the values reported in earlier studies,
from the relatively low estimates of Boysen-Ennen
et al. (1991) for various parts of the Southern
Ocean (0.8-3.6 g/m?) to the high values recorded
by Ward et al. (1995) in South Georgia (13 g/m?).
Regional studies (Hopkins, 1971) have shown that
mesozooplankton biomass tends to increase
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towards the polar front and localised coastal areas
such as the Antarctic Peninsula (Hopkins, 1985;
Huntley and Escritor, 1992), South Georgia (Ward
et al., 1995), and Kerguelen archipelago (Razouls
et al., 1995). Generally, two peaks of biomass have
been observed over the seasons with the spring
upward migration of overwintering species (At-
kinson, 1991) and in summer the recruitment of
the new generation (Hopkins, 1971). The season-
ality and the spatial heterogeneity were well
illustrated in the Indian sector of the Southern
Ocean, with summer maxima of dry mass in the
polar front and the POOZ (ANTARES 2 and 4).
Spring biomass suggested a strong influence of the
marginal ice zone with maximum values associated
with a phytoplankton bloom in progress and, in
contrast, minimum values in both the PFZ and the
POOZ areas (ANTARES 3).

Antarctic zooplankton is usually dominated by
crustacea (Yamada and Kawamura, 1986; Voro-
nina et al., 1994; Hosie and Cochran, 1994), but
other groups also can display significant contribu-
tion to the community, e.g., chaetognaths, salps,
pteropods (Boysen-Ennen et al., 1991; Voronina
et al., 1994; Hosie and Cochran, 1994; Ward et al.,
1995). However, their contribution to the biomass
remains small or irregular. In the present study,
salps and pteropods were recorded mostly in
summer in the polar front and POOZ areas, while
euphausiid larvae displayed a North—South gra-
dient at both seasons, with summer maximum
density and biomass close to the Antarctic
continent. The copepod biomass was dominated
by the same species recorded in other sectors of the
Antarctic Ocean, e.g., C. acutus, C. propinquus, C.
simillimus, R. gigas and M. gerlachei (Vervoort,
1965; Hopkins, 1971; Hopkins et al., 1993;
Boysen-Ennen et al., 1991; Voronina et al., 1994;
Atkinson, 1996), but medium and small size
species were also present, e.g., M. lucens, C. citer,
C. laticeps, Oithona spp., (Yamada and Kawa-
mura, 1986; Hopkins, 1987; Schnack et al., 1985;
Errhif et al., 1997; Pakhomov et al., 1997).

Pigment gut content is to some extent related to
chlorophyll availability, diel changes, and growth
stage (Landry et al., 1994). The values recorded in
the present study showed day—night periodicity in
agreement with the diurnal variations reported for

most Antarctic and subantarctic copepod species
(Perissinotto, 1992; Atkinson et al., 1992a, b, 1996;
Pakhomov et al., 1997). The pigment gut content
was usually low compared with the values
observed off South Georgia (Pakhomov et al.,
1997), but close to those reported by Perissinotto
(1992) around Prince Edward archipelago for
C. simillimus. The high chlorophyll content
(30-300mg/m?) off South Georgia, which con-
trasts with the low values observed in Prince
Edward archipelago and the present study (respec-
tively 70 and 8-80 mg/m?), probably explains such
discrepancy. The somewhat higher values observed
in spring compared to the summer period proceeds
from the same difference in phytoplankton abun-
dance (8-30mg/m? in summer; 47-83mg/m> in
spring). Non-copepod taxa showed high pigment
gut content, with S. thomsoni and the pteropod
Cavolinia spp. exceeding 200 ng/ind. Pigment gut
contents of other taxa, i.e. euphausiids, and the
pteropod Limacina spp., agree relatively well with
the values reported by Perissinotto (1992) for
similar species.

The evaluation of the grazing impact of the
entire community is always difficult since the full
set of relevant measurements is rarely available
and approximation must be made. Gut content of
the different species and groups was not measured
at all times, and summer estimates (pteropods,
salps, and euphausiid larvae) have been used for
the spring budget. Thus, because of the lower
particulate chlorophyll and primary production in
summer, the spring impact of these groups may
have been underestimated. Similarly, the lack of
measurements of gut clearance rate constants for
all groups at all times may be a potential draw-
back. The response of gut evacuation (k in min~")
to changes in food availability is complex and has
yielded contradictory results. Wang and Conover
(1986), Dagg and Walser (1987), Pasternak (1994),
Martaugh (1984), Mayzaud et al. (1998) reported
that gut evacuation rates tended to increase (lower
residence time) with increasing food level. Ellis and
Small (1989) found no significant differences with
changing food supply. Comparing different food
sources Mayzaud et al. (1998) showed that
the response varied with the nature of the food
with a pattern, which agreed with the concept of
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minimum transit time (1/k, min) at high food
concentration for diatoms but not for dinoflagel-
lates or detrital particles, which showed no
differences. In this study, we used measured spring
and summer values for k and literature data when
k values for a given species were not determined.
In this latter case, we only considered summer
studies from regions of low primary productivity
and similar chlorophyll standing stock (Prince
Edwards Archipelago, north of South Georgia).
The use of Schnack et al. (1985) data for spring
feeding rates of key groups such as the small
calanoids (C. citer, C. laticeps) and copepodite
stages of large calanoids may not fully apply to
our environment and may result in an over-
estimation. They should be indicative of the
expected order of magnitude. These data were
acquired at the same season and for similar
phytoplankton standing stock (their station 148),
but the Weddell Sea system may not be directly
comparable in terms of trophic environment.
However, even if the actual rates were halved,
the dominant impact of these two categories would
remain unchanged.

Another source of uncertainty is the value of the
chlorophyll to carbon ratio used to convert
pigment intake to carbon equivalent. Classically
ratios ranging from 35 to 60 (mean value=50),
characteristic of cultured phytoplankton, coastal
bloom conditions or surface water (Antia et al.,
1963; Strathman, 1967; Peterson and Festa, 1984;
Hewes et al., 1990; Dehairs et al., 1992) are used.
Such ratios correspond to the carbon and chlor-
ophyll content of live, actively growing cells either
from in vitro measurement or from indirect
estimates using microscope counts and different

Table 10

sets of relations between cell volume and carbon
content (Strathman, 1967; Hewes et al., 1990). In
their extensive study, Hewes et al. (1990) specifi-
cally addressed the problem of the carbon to
chlorophyll ratio and demonstrated that the value
of the conversion factor is linked in a non-linear
mode to the chlorophyll concentration (microbial
C:Chla=80Chl™ %) and increases with depth in
relation with the decrease in chlorophyll content
and changes in physiological state. The C:Chl ratio
of autotrophic eucaryotes from Antarctic blue
waters exceeds 100 and approaches a threshold of
30 in Antarctic waters with high chlorophyll
concentration (>3mg/m’). In the ocean sector
surveyed during the present study, plotting the
regression between particulate carbon and chlor-
ophyll (spring data in SIZ excepted) resulted in the
following relationship: POC = 19.5 + 216 Chla
(R>=0.833, df=29; F=134.8; p=0.0001),
which illustrates the tight link between carbon
and chlorophyll.

From the study of Becquevort et al. (2000,
Tables 9 and 10), it is possible to derive the
standing stock of the different microbial groups in
the upper mix layer during the ANTARES cruises
and compare them with the mean total carbon
concentration. The pool of live carbon (phyto-
plankton, bacteria, and protozoa) accounted for
less than half of the total particulate carbon with
the noticeable exception of the POOZ area in
spring where it represented 73%. The authors used
a C:Chl conversion factor of 35 for chlorophyll
concentrations ranging from 0.1 to 0.4 pg/l, which
likely underestimated the autotrophic carbon. The
actual value of detrital carbon is certainly
lower than computed in Table 10, but the

Mean biomass of total particulate carbon and the sum of the three main microbial groups (phytoplankton, bacteria, protozoa) in the

surface mixed layer as reported by Bequevort et al. (2000)

Region station ANTARES 2 (summer)

ANTARES 3 (spring)

POOZ Al6-Al4 SIZ A12-A07 CCSZ A06 POOZ A17-A13 SI1Z A11-A12
Total protozoa groups (mg C/m?) 17.2 20.0 31.2 25.4 26.8
Total POC (mg/m?) 40.1 47.2 94.4 34.8 1239

Total protozoa C (% total carbon) 43 42 33 73 22
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underestimation is in part compensated by the
bacterial contribution (collected on 0.2-um filters),
which was only partially retained by the GF/F
filters used for total POC determination. Whatever
the basis considered, it appears that the contribu-
tion of detrital carbon is not negligible. It is
interesting to note that the only region and season
(POOZ in spring) where the C:Chl ratio is
minimum (107, a value within the theoretical ones)
is also the area that displays the largest contribu-
tion of live cells to the carbon pool (Table 10). The
high significance of the regression between carbon
and chlorophyll suggests that we are dealing with
chlorophyll-containing particles, which probably
contribute to the pigment gut content. Thus, the
values of C:Chl ratio used in the present study not
only considered the detrital carbon to be part of
the zooplankton diet but also integrate the upper
200m of the water column where the different
groups of organisms feed at night. From a
pragmatic viewpoint, our integrated value of the
conversion factor yielded a level of predation on
microzooplankton that matches the anticipated
levels of protozoan production (see discussion
below). The use of smaller ratios would increase
the difference between respiration and pigment
ingestion to a degree, which would result in a non-
sustainable system. The same argument cannot
apply to the SIZ in spring (ANTARES 3) where
the changes in particulate carbon are independent
of chlorophyll. The calculation of the conversion
ratio was attempted two different ways: (1) using
Hewes et al. (1990) and integrate the result for the
200-m water column and (2) using the protozoa
carbon estimate of Becquevort et al. (2000), and
subtract it from the total POC. The respective
values of C:Chl obtained are 249 and 251. A value
of 250 therefore seems appropriate.

The minor impact of mesozooplankton commu-
nity grazing (Atkinson et al., 1996; Dam et al.,
1993; Morales et al.,, 1991, 1993; Tsuda and
Sugisaki, 1994; Ward et al., 1995; Irigoien et al.,
2000) does not seem to apply to the grazing budget
computed over two seasons for the Indian sector
of the Southern Ocean. Indeed, the grazing
pressure often exceeded the level of primary
productivity but with different taxa responsible
for the intake of phytoplankton. In summer, as

noticed by Perissinotto (1992) and Pakhomov et al.
(1997), the copepod communities showed a very
limited impact contrary to the non-crustacean
taxa, which showed a strong but differential
influence depending on the area considered: salps
are the main phytoplankton consumers in
the polar front and the POOZ, while adult krill
(E. superba) and copepods were the key grazers in
the CCSZ. In the SIZ, the grazing pressure is
minimal, with a mixed influence of both copepods
and pteropods. In spring, the copepod population
showed a major influence at all locations, with the
dominant impact of the small calanoid species and
the copepodite stages of the large species. As
noticed by Schnack et al. (1985), the strong
influence of species contributing <10% the total
copepod biomass (e.g., Oithona spp. or small
calanoids) is a key feature of the spring period.
As indicated earlier, the impact of the small
calanoid species should be considered with caution
and the high values of grazing impact should be
viewed as indicative of a strong grazing pressure,
which probably explains the low chlorophyll levels
in an area of higher primary production (SIZ in
spring). Computed in relation to the total parti-
culate organic carbon, the impact of zooplankton
feeding appears relatively constant with values
ranging from 2.6% to 2.8% of POC in summer
(ANTARES 2) and 3% to 4% in spring. Interest-
ingly, the feeding pattern of protozoan is con-
trasted over the two seasons, with summer
consumption on bacteria and spring feeding on
phototrophic flagellates (Becquevort et al., 2000).
As a result, the spring standing stock of phyto-
plankton was heavily controlled by the grazing
activity of both micro- and mesozooplankton
communities.

The relative contribution of phytoplankton and
other food sources to copepod nutrition have been
the object of several recent studies (Atkinson,
1994, 1995, 1996) and has suggested that the
various sources of heterotrophic carbon could to a
large extent explain the negative energy budget
based on gut-pigment-derived ingestion rates
(Dam et al., 1993, Irigoien et al., 2000; this study).
Using such a difference as a minimum estimate of
protozoan ingestion, the summer copepod popula-
tion showed a significant rate of ingestion, which
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decreased from the polar front to the Antarctic
coastal waters. As a result, the impact of copepods
on the protozoan biomass decreased from 172% in
the POOZ to 14% in the CCSZ, in agreement with
the observed gradient of protozoan biomass
(Becquevort et al., 2000), which was minimum in
the north (0.9mgC/m?) and increased with in-
creasing latitude (2.6mgC/m® in the SIZ and
4.9mgC/m’ in the CCSZ). Though micro-proto-
zoa growth rate was not measured directly, it is
classically considered to be equivalent to the
primary production (J. Dolan, personal commu-
nication). Thus, the percentages of protozoa
production ingested varied from a maximum of
148% in summer in the POOZ to about 65% in the
SIZ and CCSZ. If a conversion ratio of chlor-
ophyll to carbon of 50 or 100 had been considered
rather than the natural carbon to chlorophyll
ratios, feeding pressure would increase (3—5 times)
to exceedingly high levels. The relatively balanced
budget observed for the spring copepod popula-
tion (ANTARES 3) may indicate that protozoan
was only marginally used as food. The parallel
increase in grazing activity and protozoan biomass
with increasing latitude (8.2 mg C/m? in the POOZ
and 11.3mgC/m? in the SIZ) strongly suggests
that heterotrophic carbon biomass and copepod
feeding activity were not directly linked.

In conclusion, the concept of a microbial food
chain with protozoa feeding on the large pool of
bacteria and small phytoplankton and fuelling a
mesozooplankton food web (Atkinson, 1995;
Smetacek et al., 1990) does not apply to this sector
of Antarctic Ocean and the period studied.
Mesozooplankton communities remained an im-
portant player as consumers of phytoplankton,
and the diversity of taxa involved confirmed that
the definition of the zooplankton could not be
limited to the dominant group of copepods if
realistic figures are to be expected.
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