MARINE ECOLOGY PROGRESS SERIES

Vol. 144: 195-210, 1996

Published December 5

Mar Ecol Prog Ser

Zooplankton response to a phytoplankton bloom

near South Georgia, Antarctica

Angus Atkinson*, Rachael S. Shreeve, Evgeny A. Pakhomov**, Julian Priddle,

Stephen P. Blight, Peter Ward

British Antarctic Survey, Natural Environment Research Council, High Cross, Madingley Road, Cambridge CB3 OET,

United Kingdom

ABSTRACT- A shelf site near the island of South Georgia was sampled during a spring bloom in
January 1994. Chlorophyll a (chl a) values declined from 19 to 6 mg m™* during the 8 d of sampling. The
bloom comprised mainly long pennate diatoms and large colonies of centric diatoms; a 200 um sieve
retained over two-thirds of the chl a. Mesozooplankton biomass was high, 12.3 g dry mass m™ within
the top 200 m, and comprised mainly copepods. A series of Longhurst Hardy Plankton Recorder profiles
showed that the numerical dominants (Oithona similis, Drepanopus forcipatus and pteropods) resided
mainly within the top 20 m, whereas the large, biomass-dominant copepods had secondary maxima
rather deeper within the thermocline. Diel vertical migration was not a feature of this community, being
limited to metridiid and euchaetiid copepods. Gut fluorescence measurements on 7 large copepod spe-
cies showed that all fed during both day and might, although guts tended to be fullest during afternoon
and night. About 20% of chl a grazed by these copepods occurred below the mixed layer, thus repre-
senting a potentially direct export of carbon from the system via sinking faecal pellets. Algal carbon
rations (% body carbon ingested per day) of mixed layer copepods ranged from 3 % (Rhincalanus gigas)
to 20% (small copepods). With the exception of R. gigas, these values from gut fluorescence agreed
with independent estimates from the site following the decline of chl a during incubations in ambient
seawater. Despite low clearance rates, ingestion rates (per copepodid) were at the upper end of
recorded Antarctic values, suggesting food saturation. Calanoides acutus and R. gigas cleared diatoms
(including the highly elongated 0.5 to 1 mm forms) at maximal rates. Metridia spp., Calanus propinquus
and small copepods, by contrast, cleared dinoflagellates and ciliates faster than diatoms of similar size.
The total mixed layer zooplankton probably removed <5% of daily primary production and <5% of
protozoan standing stocks per day.
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INTRODUCTION

Low productivity characterises large areas of the
Southern Ocean, but inshore shelf waters are an
exception. In these locations, stabilization of the mixed
layer due to freshwater input or shelter from winds,
coupled with nutrient enrichment is thought to con-
tribute to intense phytoplankton blooms (Boden 1988,
Mitchell & Holm-Hansen 1991). One such area is the
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large shelf surrounding the island of South Georgia
(Priddle et al. 1986, 1995, Whitehouse et al. 1996). Pro-
ductive inshore waters can support large stocks of
mesozooplankton (Boden 1988, Ward et al. 1995) and
krill (Marr 1962, Brinton 1991, Huntley & Brinton
1991). Although these hotspots comprise a small frac-
tion of the Southern Ocean, they may be responsible
for high carbon fixation and fluxes within the food
web, making them key areas for study (Huntley et al.
1991).

For an herbivorous or omnivorous zooplankter, a
spring bloom could be important in providing a brief
but plentiful supply of food, against a background of
generally low chl a levels and small food cells
(Smetacek et al. 1990). Copepods can respond to
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increased quality or quantity of food with rapid egg
production, moulting or lipid build up, depending on
the species and maturity stage (Lopez et al. 1993,
Hagen & Schnack-Schiel 1996). However, Antarctic
blooms are often ephemeral events and characterised
by extremely large diatoms which may be unpalatable
(Perissinotto 1992). [t is still not known how fast
Antarctic zooplankton can feed, and whether they can
ingest or digest the large or spiny bloom forming
diatoms (Perissinotto 1992, Atkinson 1994, 1995, Pond
et al. 1995).

During January 1994, we investigated an intense
bloom of large diatoms at a site near South Georgia. A
large biomass of zooplankton was feeding on the
bloom, which declined from ~19 to 6 mg chl a m™* dur-
ing the 8 d study. Because vertical carbon fluxes were
probably significant, we monitored the vertical distrib-
utions of both zooplankton and of copepod gut full-
ness. Feeding rates derived from gut fluorescence
were compared with those from incubations monitor-
ing clearance of diatoms, protozoans and total chl a.
The 3 aims were (1) to estimate copepod ingestion and
clearance rates attainable during a bloom, (2) to com-
pare their clearance rates on protozoans, on diatoms of
similar size and on longer (~1 mm) taxa, and (3) to esti-
mate zooplankton grazing impact on primary produc-
tion and on protozoans.

METHODS

Zooplankton abundance, biomass and diel vertical
migration. From 11 to 19 January 1994, RRS ‘James
Clark Ross" occupied an inshore site (53°43'S,
38° 4" W) located over the shelf at the western end of
South Georgia. The abundance, biomass and vertical
distribution of the zooplankton were estimated from
7 tows with a Longhurst Hardy Plankton Recorder
(LHPR; Longhurst & Williams 1976) within the top
200 m. These hauls were conducted at generally 3 to
4 h intervals within a 24 h period on 17 to 18 January,
and were aimed at monitoring the fine-scale vertical
distribution and diel migrations of the major zooplank-
ton species. The LHPR was interfaced with a PRO-
PLUS" control system (Spartel Ltd., Plymouth, UK), en-
abling control of net trajectory on a double oblique
profile from the surface to 200 m. Hauls lasted about
0.5 h with each sample being of 1 min duration (i.e.
~160 m distance towed). Volume filtered during each
haul was provided by a flowmeter mounted within the
nose-cone. Loss of our 38 c¢cm nose-cone on the mid
afternoon haul necessitated replacement with a 20 cm
nose-cone. A single sample from the larger nose-cone,
at our sampling interval of 1 min, represented 10 to
15 m®, while that from the smaller one was 5 to 8 m>.

On retrieval of the sampler, the individual samples
were cut from the roll of 200 pm gauze and preserved
in 4 % formaldehyde in seawater. The descent portions
of the profiles were not analysed because their flow
rates were low and variable, with the possibility that
plankton were recirculated in front of the recorder box
and not washed back onto the retaining gauzes.
Analysis of the LHPR samples was either on whole
samples or on Folsom splitter aliquots of Y to Y.,
depending on species abundance. Biomasses of non-
copepod taxa (euphausiids, pteropods, amphipods,
ostracods and chaetognaths) were determined by dry-
ing batches at 60°C and weighing on a Sartorius®
microbalance. With the exception of the pteropods,
these values were then multiplied by 1.25 as an adjust-
ment for tissue loss in formaldehyde (Hopkins 1971).
Dry masses of the major copepod taxa, which were
used for feeding experiments, were determined from
frozen material. The determination of community graz-
ing required dry mass estimates of rarer species and
life stages. These were obtained by length-mass
regressions derived from those copepodites which
were weighed.

Copepod feeding rates measured by the gut fluores-
cence method. Feeding rate measurements were
restricted to copepods, which dominated both in
numbers and biomass. Diel feeding periodicity was
assessed for material from a 75 cm diameter, 200 um
mesh closable ring net, which provided 16 hauls from
the top 70 m layer and 13 hauls from the 70 to 200 m
layer. 70% of these hauls came from the same 24 h
period as the LHPR sampling. These samples were
frozen immediately (-60°C) for analysis of gut fluores-
cence, 18 mo later in the United Kingdom.

Laboratory procedures were described by Atkinson
(1996), with the exception that prior to transferring the
copepods to 10 ml aliquots of 90% aqueous acetone,
they were rinsed in distilled water Between 10 and 50
(mean of 22} individuals per haul were sorted for gut
fluorescence, of Calanoides acutus, Calanus simil-
limus, Calanus propinquus, Rhincalanus gigas, Metri-
dia lucens, M. gerlachel and Pleuromamma robusta.
Replicates were processed where numbers were suffi-
cient for rapid processing.

Chlorophyll and phaeopigment content of the cope-
pods were calculated from the fluorescence readings
before and after acidification (Parsons et al. 1984)
using a Turner® 112 fluorometer. Chlorophyll was usu-
ally <10% of phaeopigment values and because it
might have come from diatoms adhering to the feeding
appendages of the copepods, gut contents were calcu-
lated from phaeopigment only. These values were
multiplied by 1.5 as an adjustment for an unmeasured
degree of pigment destruction (Kigrboe & Tiselius
1987, Dam & Peterson 1988). Unfortunately, gut clear-
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ance rates could not be measured because it was not
possible to separate copepods rapidly from the large
colonial diatoms which were also retained in the nets.
Daily chl a consumption was therefore estimated from
the diel mean gut content multiplied by the turnover
rate, calculated from temperature (Dam & Peterson
1988) and assuming food saturation.

Feeding experiments. Four experiments (A to D)
provided independent estimates of copepod daily car-
bon rations based on chl a consumption, and allowed
comparison of their clearance rates on various food
taxa in the seawater. Copepods for these incubations
were obtained from slow tows with the ring net from
70 m to the surface. Undamaged individuals were
sorted from the solid cod-end and placed in 1.21bottles
of unscreened surface seawater for an acclimation pe-
riod of 18 to 24 h. Species incubated were Calanoides
acutus, Calanus propinquus, Rhincalanus gigas,
Metridia spp. and a mixed assemblage of small cope-
pods [mainly Drepanopus forcipatus, Ctenocalanus sp.
and Metridia spp. (CI-CIII)).

Natural seawater was used as a food assemblage. In
order to reduce death or disruption of delicate items
(e.g. athecate protozoans and some colonjal diatoms),
the water was collected with a plastic bucket from the
sea surface and was not pre-screened (Gifford 1993).
Bad weather, however, forced us into using water from
the pumped non-toxic supply for Expt C. The experi-
mental water was stored in a 50 | carboy at 2 to 3°C in
the dark for 2 to 4 h prior to setting up each experi-
ment. The seawater was then mixed, siphoned into
the glass experimental bottles (1.2 or 2.4 | depending
on grazer size) and the copepods added. Density of
grazers (2 to 41 1"') was adjusted for their size and
approximate feeding capabilities. These bottles (nor-
mally 2 replicates per experiment) plus 2 control repli-
cates without copepods were then placed on a grazing
wheel and rotated end over end (0.5 rpm) at 2°C in the
dark.

In Expts A, B and D, feeding was monitored by
microscope cell counts of taxa in the incubation water,
and two 200 ml subsamples of water from each bottle
were preserved in 2% acid Lugol's solution before and
after incubation. In Expts A, B and C, feeding was also
monitored from the drop in chl a concentration during
the incubation. For these experiments, two 250 ml
aliquots were filtered onto GF/F filters before and after
incubation. The samples were extracted immediately
in 8 ml of 90% aqueous acetone for measurement of
chl a as described previously. Experimental duration
was 21 to 26 h, after which the copepods were checked
for mortality (which was negligible) and frozen for dry
mass determination.

Cell counts and feeding rate calculations. Micro-
scope counts of food items in the incubation water
were completed on two 50 ml aliquots from each
grazed or control bottle, using the Utermohl settling
technique. Only selected larger taxa were enumerated
(Table 1) which, while hastening analysis time, pre-
cluded estimates of total carbon intake. Clearance
rates on both the individual cell taxa and total chl a
were calculated from Frost's {1972) equation modified
to:

F = In(C./Cy) V/(myt)

where F is the clearance rate (ml mg~' dry mass d°}); C,
is the final concentration in control; Cy is the final
concentration in grazer bottle; V is the experimental
volume (ml); mgy is the copepod dry mass (mg); and ¢t is
the experimental duration (d). One justification for not
using Frost's (1972) equation incorporating an algal
growth term was that total chl & in the controls
changed by less than 6 % during the experiments. The
other reason was that the initial and final control
counts of the various food taxa were usually within the
expected range of counting variation (Venrick 1978)
making selection of realistic growth or loss terms prob-
lematic. Therefore to maintain consistency between

Table 1 Characteristics of the counted food items, listed for Expts A, B, and D respectively. Dashes represent food items
not enumerated. The ‘motile taxa’ category comprises dinoflagellates and ciliates longer than 50 pm

Food taxon Largest dimension Smallest dimension Carbon conc. in Mean no. cells
counted (rmy} (pm) control (ng ml™) per bottle
Thalassionema sp. - 34 - - 5.4 - - 0.42 - - 165 -
Centric diatoms 73 74 - 36 35 - 6 27 - 86 433 -
Motile taxa 56 113 68 35 54 47 13 26 18 60 89 46
Eucampia sp. - - 160 - - 15 - - 25 - - 173
Odontella sp. 110 168 230 22 26 22 29 29 26 735 810 653
Corethron spp. 74 116 408 22 22 27 5 21 48 113 542 478
Large pennate diatoms 967 - 890 13 - 30 8 - 7 98 - 49
Thalassiothrix sp. - 1100 - - 8 - - 2 - - 114 -
Chaetoceros spp. - 1106 - - 55 - 6 - - 49 -
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taxa and experiments and allow for possi- Temperature (OC) Chlorophyll a (mg m-3)

ble changes in controls, the final control 0

number (C.) was used as a ‘baseline’ OT

concentration for each food type (see
‘Discussion’). For colonial cells the clear-
ance rates were based on the numbers of
cells counted rather than the number of 50+
colonies,.in case of colony fragmentation
during grazing (Deason 1980).

The lengths and widths of the food
items were calculated from measure-
ments of 20 to 50 cells, and their volumes
were calculated from approximations to
simple geometric shapes. Carbon con-
tents of diatoms and dinoflagellates were
calculated using the equations of Eppley
et al. (1970). Ciliate carbon was estimated
using Putt & Stoecker's (1989) value of

150+
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~150
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Microbial production experiments.
Production was estimated from oxygen
flux measurements on water samples
from 10 m depth, collected with Niskin
bottles mounted on a CTD. Seven experiments were
conducted at approximately daily intervals during our
occupation of the site. Incubations were performed in
50 cm® or 100 cm?® glass stoppered bottles for 24 h in
either light or dark deck incubators. Near in situ
temperatures were maintained by seawater circulating
through the incubators. Initial and final dissolved
oxygen concentrations were determined by Winkler
titrations using a microcomputer-based system with a
photometric endpoint detector (Williams & Jenkinson
1982). Microbial production was determined from
oxygen values using a photosynthetic quotient of 1.2.

RESULTS
Environment

The environment changed during our 8 d occupation
of the site (Fig. 1). Evidence for advective change was
a 0.5°C increase in temperature of the mixed layer, an
increase too large to be explained by seasonal warm-
ing. Chl a decreased from a maximum of 19 mg m™? at
the beginning of the study period to 6.5 mg m™° at the
end. There was a period of rough weather half way
through our visit (prior to the LHPR and diel series of
ring-net hauls) which was associated with a deepening
of the mixed layer from ~40 to ~60 m.

The size composition of the phytoplankton reflected
the large colonial diatoms (e.g. Eucampia sp., Odon-
tella sp., Thalassiosira spp.) which characterised the
bloom and accounted for most of the primary produc-

200

Fig. 1. Temperature and chl a profiles obtained on 11-12 January (----) and

after the rough weather, on 16-17 January (—)

tion. Over % of the chl a was retained by a 200 um
mesh; nanoplankton comprised <10%. Massive
clumped colonies of a small celled centric diatom were
another feature of this site. These colonies were com-
paratively rare (usually <10 17}), so we could not evalu-
ate whether the copepods were eating them. Their
presence in the incubation water of Expt D also pre-
cluded the total chl a budget method of measuring
grazing, as they caused a large measurement impreci-
sion in this experiment.

A high net production of the whole community was
determined from oxygen flux measurements. Results
of 7 experiments spanning a week varied from 0.067
to 0.261 g Cm>d™! (mean 0.178 g C m~> d°!) but pri-
mary production decreased in line with the overall
decline in chl a. Both chl a (Fig. 1) and primary pro-
duction decreased sharply below the surface mixed
layer.

The zooplankton community

Zooplankton biomass was high: 12.3 g dry mass m™2
within the top 200 m layer. This was dominated by
large copepods (55%) although small pteropods
(Limacina spp.) also characterised the site, contribut-
ing significantly to both total numbers and biomass
(Fig. 2). Numerical dominants were Oithona similis
and the neritic species Drepanopus forcipatus. To-
gether with unidentified copepod nauplii these small
copepods comprised 57 % of metazoans caught in the
top 200 m (Fig 2).
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Fig. 2. Composition of the zooplankton community within the top 200 m, compiled from mean values across 7 LHPR hauls. Large

copepods are defined as all copepodite stages of Calanoides acutus, Calanus propinquus, Rhincalanus gigas, Calanus simillimus,

Metridia lucens, M. gerlachei and Pleuromamma robusta. Unidentified nauplii are included in the small calanoid group. Solid
segment represents remaining taxa

Vertical distribution and diel vertical migration

On average, 69% of the 0 to 200 m biomass resided
in the surface mixed layer. To summarise vertical dis-
tribution and diel migration, the median depths of
major zooplankters were calculated from each haul,
and the mean daytime (4 hauls) and nighttime (dusk,
midnight and pre-dawn hauls) values of these medians
were plotted (Fig. 3). Both this summary and the indi-
vidual hauls (2 of which are presented in Fig. 4) sug-
gest little diel vertical migration on the night of sam-
pling. Most of the zooplankters occupied the top 50 m
layer during both day and night and coordinated pop-
ulation movements (sensu Pearre 1979) were generally
less than 20 m. Exceptions were several deeper living
taxa: adult females of Metridia lucens, M. gerlachei,
Pleuromamma robusta plus euchaetiids (all species
and copepodites pooled) which tended to rise into the
thermocline at night.

Although Fig. 3 shows differing median depths
among the inhabitants of the mixed layer, the individ-
ual profiles (Fig. 4) show that their abundance max-
ima during both day and night were generally in
the top 10 m. Within this topmost stratum metazoans
were extremely abundant, with a mean total of
15524 ind. m~* (range of 2471 to 32592 ind. m™3). The
slightly deeper median depths of the larger inhabi-
tants of the mixed layer (Calanoides acutus, Calanus
propinquus, Rhincalanus gigas) reflect the presence
of secondary abundance maxima within the thermo-
cline (Fig. 4).

Diel feeding periodicity

All 7 copepod species analysed for gut fluorescence
had fullest guts at night (Fig. 5) but they differed in the
detail of their feeding cycles. In the top 70 m layer, CV
Calanoides acutus fed throughout the 24 h period but
most actively from early afternoon through to dawn.
From dawn to midday gut contents were only about 30
to 50 % of values during the rest of the diel cycle. This
morning lull in feeding is unlikely to have been a sam-
pling artefact, being suggested by 5 samples over 3
separate days. The 0 to 70 m diel feeding signals for
the other species are more irregular than those of C.
acutus (Fig. 5), which probably reflects the fewer indi-
viduals analysed and poorer replication. The overall
pattern for CV and CVI®Q Rhincalanus gigas, however,
resembles that for C. acutus, with lower gut contents
for the short period from late morning to midday.

Relative to the 0 to 70 m layer the overall gut fullness
of the copepods below 70 m (Fig. 5) was higher than
would have been predicted from the sharp decline in
chl a below 70 m (Fig. 1). It is unknown whether the
relatively full individuals below 70 m were feeding
there or were performing episodic and asynchronous
migrations from the richer waters above (Pearre 1979).
In any case, 20% of their total digestion would have
occurred below the mixed layer, based on the abun-
dance and gut fullness of the 8 species/copepodite
stages in the 0 to 70 m versus the 70 to 200 m layer. Sig-
nificant defecation below the mixed layer would imply
a rapid export of faecal carbon from the system.
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Fig. 3. Median depths of major zoo-
plankters compared between day-
time (average of medians from 4
hauls) and nighttime (average of
medians from 3 hauls}. Nighttime
depths are 1n the shaded portion of
each panel. Lines link the daytime
and nighttime values for the species
or copepodites stages with mean
abundance >5 ind. m™ The horizon-
tal line at 50 m marks the mean posi-
tion of the base of the mixed layer

Feeding selectivity

Mass-specific clearance rates on individual food taxa
are plotted in relation to their length in Fig. 6. It
appears as if the copepods differed in their clearance
rates of motile taxa and diatoms, with species in the
right hand panel of Fig. 6 more efficient at clearing
motile taxa (solid symbols) than those in the left hand
panel. To counteract measurement imprecision and
highlight this trend, mean clearance rates were calcu-
lated for 3 broad categories of food (Fig. 7). These cat-
egories are motile, non-diatom taxa (i.e. ciliates and
dinoflagellates), diatoms in the same size range (i.e.
<120 um), and diatoms >120 pm. Even using this crude
grouping the grazers form 2 categories. Calanoides
acutus and Rhincalanus gigas appeared to clear motile
taxa less rapidly than diatoms of the same broad size-
range, whereas the opposite held for the remaining
species. Clearance rates on large and small diatoms
differed less, although the smaller copepods (Metridia
spp. CV, CVI and copepodites of small species) cleared
long diatoms less rapidly than <120 pum cells. Even
small copepods, however, were capable of removing

the long {~0.5 to 1 mm) cells of Rhizosolenia spp. and
Thalassiothrix sp. (Fig. 6).

Daily carbon rations

The chl a contents of the incubation water in Expts
A, B, C, and D were respectively 10, 13, 11 and 6.2
mg m~%, which reflects the chl a decline at the sta-
tion. Table 2 compares algal carbon rations from our
2 methods of measuring chl a consumption: gut fluo-
rescence and bottle incubation. The ingestion rates
based on gut fluorescence were converted to carbon
rations by assuming a conservative carbon:chl a ratio
of 50 for ingested microplankton (see 'Discussion’)
and that copepod body carbon was 45% of dry mass
(Schnack 1985). Ingestion rates were obtained from
the incubations by multiplying the clearance rate of
total chl a by the initial chl a value in the incubation
water (Marin et al. 1986). The same ratios of car-
bon:chl a and copepod carbon:dry mass were then
used to derive rations which were directly compara-
ble with those from gut fluorescence. Daily rations
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Fig. 5. Diel periodicity in copepod gut fullness, from hauls in the 0 to 70 m layer (

{_Night + Time (h)

) and 70 to 200 m layer (— — —). Bars

represent ranges between replicate batches, where these were processed

were also calculated from the incubations based on
the mean clearance rate across all counted diatom
taxa, rather than clearance of total chl a (Table 2 last
column).

The calculated rations varied among the 4 experi-
ments, with B and D providing lower values than the
other two. Nevertheless, for the comparable species
Metridia spp. CV, CVIQ, Calanoides acutus CV and

Calanus propinquus CV the 2 methods gave similar
mean values. For both CV and CVI? Rhincalanus
gigas, however, the rations derived by the incubations
were much lower than those from gut fluorescence.
The rations of this species were also much lower than
those of the other large copepods. This result echoes
all previous studies, using either gut fluorescence or
incubation methods.
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Community grazing impact

Grazing rates of zooplankters are considered to be
predictable, to some extent, from their body masses
(Peters & Downing 1984, Moloney & Field 1989,
Morales et al. 1990). Both experimental data {e.g. Paf-
fenhofer 1971, Kierboe & Sabatini 1995) and scaling
considerations (Peters 1983) reveal that small organ-
isms can have high mass specific rates of feeding and
metabolism. Therefore an allometric approach was
used to provide estimates of total copepod grazing
which are as realistic as possible. This involved the
construction of feeding rate/body mass regressions
based on the copepodites whose feeding was mea-
sured, in order to estimate feeding rates of the remain-
ing copepodites from their body mass. Allometric rela-
tionships (Table 3) were derived from the incubations
only, because of the small size range of grazers moni-

Food size (um)

T T T

— T -200 ™7 T T T 1
800 1000 1200 0 200 400 600 80 1000 1200
Food size (um)

tored by gut fluorescence. Regressions were based on
clearance rates on dinoflagellates and ciliates, on
mean clearance across all the counted diatom taxa and
on total chl a. The result from each grazer bottle in
each experiment was used, although where calculated
clearance rates were negative (Fig. 6), these values
were excluded.

The total grazing impact of those copepodites in-
cubated were obtained simply from the product of
their clearance per individual and their abundance in
the mixed layer, based on the mean of 7 LHPR hauls.
For the remaining copepodites, individual clearance
rates were estimated from body mass by the allo-
metric equations, and these values were multiplied
by their abundance. Total copepod clearance was
then obtained by summation. Table 4 summarises the
contributions of the various copepod groups to total
grazing.
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The copepodite stages which were incubated com-
prised 79% of total mixed layer copepod biomass but
only 50 to 66% of their estimated predation/grazing
impact. The large calaniid and eucalaniid species
accounted for only 30% of the estimated copepod
impact on motile cells, but contributed more to grazing
on large diatoms (Table 4). Despite the high biomass
and abundance of copepods, their impact on both the
diatoms and motile taxa was <3 % of the mixed layer
cleared per day. The fact that the impact on the motile
fraction was higher than on diatoms reflects selective
feeding by some of the species (Figs. 6 & 7)

The slopes of the regressions in Table 3 (i.e. the
body mass scaling coefficients) reflect the relative
grazing rates of large and small copepods. Fre-
quently quoted coefficients range from 0.65 to 0.75
(e.g. Peters 1983, Moloney & Field 1989, Kigrboe &
Sabatini 1995). Both this study and previous Antarc-
tic studies (Atkinson 1994, 1996, Atkinson & Shreeve
1995) found scaling coefficients lower than this. If the
regressions were based on structural mass rather
than total dry mass, however, the slope coefficients
would be higher, because the lipid stores of CV and
CVI stages of large Antarctic copepods greatly
increase their dry masses. Paffenhofer (1984) also
pointed out that the food resource (or the portion of
the diet actually assessed) will partly determine the
scaling coefficient.

Calanus propinqguus CV
200
Calanoides acutus CV

100 100 7
s, 7
0 0 ¢

600 Metridia spp CV, CV1¢

400

Rhincaianus gigas CV, CV1¢
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Fig. 7 Mean clearance rates of motile taxa (solid bars),

diatoms of similar size range, i.e. <120 um (open bars), and
diatoms »>120 um (hatched bars)

DISCUSSION
Zooplankton response to a bloom

This study describes an atypical situation for the
Southern Ocean, where a large zooplankton biomass
was feeding on an intense phytoplankton bloom. A
similar zooplankton biomass, 13 g dry mass m™?, was
found at this site in January 1990 by Ward et al. (1995).
They suggested that this dry mass, 4 to 5 times higher
than any other records for the Southern Ocean,
reflected the productivity of the South Georgia shelf,
the exact time of year of sampling and the catching
efficiency of the LHPR. That Calanoides acutus and
Rhincalanus gigas were benefitting from the bloom is
suggested by their extensive lipid stores (Ward et al.
1996) resulting in high body masses (Table 2; cf.
Conover & Huntley 1991, Hagen & Schnack-Schiel
1996). Zooplankton bhiomass remained high, 9.3 g dry
mass m~? later during the same season, based on net
survey around the island in February/March (Pakho-
mov & Perissinotto 1996). We speculate that a degree
of dependability of blooms near South Georgia, the
ability of zooplankton to use them and possibly a
retentive circulation pattern (Atkinson & Peck 1990)
enable a high grazer biomass to build up and be main-
tained, in a similar way to the Gerlache Strait (Huntley
& Brinton 1991).

To assess how the bloom was being utilized, we com-
pared the rates, periodicity and selectivity of copepod
feeding. Because vertical carbon fluxes could have
been large, emphasis was placed on vertical distribu-
tion in relation to feeding. These topics were also stud-
ied on the previous visit to the site when the bloom was
more modest, 1 to 4 mg chl a m™® (Atkinson et al.
1992a, Ward et al. 1995). Several features are common
to both visits, which gives some confidence to specu-
late on this system.

First, the biomass dominant copepods, Calanoides
acutus and Rhincalanus gigas, had median depths
near the base of the mixed layer during both studies
(Fig. 3; cf. Fig. 2 in Atkinson et al. 1992a). This
reflected individuals feeding (or digesting) below the
chl a rich mixed layer. Also common to both studies is
their unusual feeding cycle, from afternoon to dawn.
Likewise the shallower distribution of Calanus simil-
limus and its feeding cycle are mirrored in the 2 stud-
ies. Vertical migrations were not extensive in either
study, in contrast to generally greater migrations in
oceanic water to the north, at lower chl a values (Atkin-
son et al. 1992b, 1996). Landry et al. {1994b) com-
mented on this seemingly counterintuitive situation in
a lower latitude study, where both feeding periodicity
and diel vertical migration were less pronounced when
more food was available. Predators might be impli-
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Table 2. Copepods used for feeding experiments, listed in order of increasing dry mass (number of individuals weighed after the
dry masses). Algal carbon rations are mean values (ranges between experiments)

Species Stage Dry mass Algal carbon ration (% body carbon ingested d™'} ——
; -1
(mgind.) Gut Incubation method: Incubation method: mean
fluorescence  total chl a budget, clearance of counted diatom
Expts A, B, C taxa, Expts A, B, D

Copepodites of small species 0.041 (142) - 23 (2.7-40) 19 (4.5-32)
Rhincalanus gigas Cl 0.036 (12) - 3.3 (0-5.4) for 7.4 (6.8-8.0) for
Rhincalanus gigas ClI 0.062 (54) mixed stages CI-CIII mixed stages CI-CIII
Rhincalanus gigas CIIL 0.152 (71)
Metridia lucens CVI? 0.120 (26) 8.4 - -
Calanus simillimus cv 0.137 (30) 10 - -
Metridia gerlachei cvIe’ 0.268 (54) 6.1 7.8 (0.97-13) 9.8 (2.5-19)
Pleuromamma robusta  CVIQ 0.572 {12) 9.6 - -
Rhincalanus gigas CIv 0.602 (71) - 7.5(4.9-9.8) 11 (8.7-16)
Calanoides acutus CcvV 0.650 {130) 9.5 96 (4.5-14) 11 (2.4-19)
Calanus propinquus CcvV 1.19 (36) 12 12 (10-13) 9.6 (3.7-14)
Rhincalanus gigas Ccv 1.47 (57) 7.8 2.8 {0.84-5.8) 3.2(0.9-6.9)
Rhincalanus gigas CVIe 2.96 (42) 4.9 0.47 (0-0.77) 1.4 (0.54-2.8

Table 3. Regression analysis of relationships between log;, body mass (mg, x-value) and log,, clearance rate (ml ind.”' d°!,

y-value)
Food source Slope SE of slope Intercept Fratio No. of data points P
Dinoflagellates plus ciliates 0.485 0.116 1.90 17 31 <0.001
Mean of counted diatom taxa 0.647 0.107 1.64 36 40 <0.001
Total chl a 0.591 0.128 1.59 22 35 <0.001

Table 4. Estimated clearance of the copepod community in relation to abundance and biomass within the surtace mixed layer.
Clearance values are percentages, determined for the different food sources and measurement methods. The large copepods are
defined as all copepodite stages of Calanoides acutus, Rhincalanus gigas, Calanus simillimus and C. propinquus

Species group Mean no. Mean dry mass Percentage of surface mixed layer cleared daily
(m~%) (mg m™3) Dinoflagellates ~ Mean for counted  Total chl a
plus ciliates diatom taxa
Species/copepodite stages incubated 1517 88 14 0.93 0.79
Large species only 444 95 0.89 0.87 0.65
Total copepod estimate 3785 112 2.8 1.3 1.2

cated in this, as they can force periodicity in feeding
and/or migration of prey assemblages (Haney 1988,
Bollens & Stearns 1992). The 1% light level in our
study would have been at 15 to 30 m, using Fenton's
(1991) equations for the minimum and maximum chl a
values. Perhaps the low light levels or the abundance
of large diatoms would have allowed copepods to feed
in the afternoon, especially at the base of the mixed

layer, with little risk of being detected by predators.

The overall gut pigment values are also in general
agreement between the 2 studies. If gut evacuation
rate constants are assumed to have been similar in
both, the fact that gut fullness per copepodite in the

present study (with >6 mg chl a m™%) was overall no
greater than in January 1990 (1 to 4 mg chl a m™)
would imply that chl a was at saturating levels. The
contrast between high ingestion rates and low clear-
ance rates in this study also implies this. At lower food
concentrations, comparable copepodids are capable of
clearance rates (per individual) which are 2 to 3 times
as high as those recorded here {e.g. Schnack 1985,
Schnack-Schiel et al. 1991, Atkinson 1995). Individual

ingestion rates,

however,

are among the

highest

recorded for these species (cf. Schnack 1985, Atkinson
et al. 1992a, Drits et al. 1993, Pasternak et al. 1994,
Atkinson & Shreeve 1995, Lopez & Huntley 1995,
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Atkinson 1996). This implies that food was sufficient
for rather low levels of feeding activity to provide max-
imal ingestion.

Considering that excess food was probably avail-
able the ~10% daily rations of calanlids seem quite
low compared to those of their boreal counterparts
(e.g. Ohman & Runge 1994}). How realistic are they?
One factor is that the lipid stores of Calanoides acutus
and Rhincalanus gigas at this site were unusually
high, so rates expressed on a mass specific basis tend
to be depressed. Our ingestion rate estimates, as well
as being at the upper end of recorded Antarctic val-
ues, are also in line with estimates for Arctic copepods
during summer (Smith & Schnack-Schiel 1990). Of
course the fact that our feeding rate methods agree
broadly with each other and with other high latitude
studies is not confirmation that they are correct; both
incubations and gut fluorescence are being increas-
ingly criticised for underestimating feeding rates.
However, Barthel (1990} and Pasternak et al. (1994)
have shown that cold water copepods can have low
respiratory costs, allowing fairly modest food intake to
suffice for growth. The few estimates of summertime
respiration or egg production against which to bal-
ance our estimates are listed in Table 5. These sug-
gest that ingestion rates during a bloom comfortably
exceed normal carbon expenditure for respiration and
female egg production.

Mar Ecol Prog Ser 144: 195-210, 1996

Although these estimated rations may be in the right
ballpark, several aspects of methodology may have
conspired to make the actual carbon ingested differ
from the values in Table 2. A problem with the incuba-
tions is that 'sloppy feeding’ could fragment large cells,
with Incomplete ingestion of their contents (Roy et al.
1989). Although we did not assess this, the clearance
rates on colonies were similar to those on the compo-
nent cells, suggesting that fragmentation of colonies
into cells was not occurring. Alternatively our gut fluo-
rescence estimates can be criticised because neither
pigment destruction nor gut evacuation rate constants
were measured. Both methods could have used the
wrong carbon:chl a ratio to convert ingested chl a into
ingested carbon. In the absence of any direct data, a
conservative value of 50 was selected, but during the
bloom at this site in January 1990 the carbon:chl a ratio
averaged 74 (Priddle et al. 1995). Choosing this value
would raise all carbon rations by 50%. We stress that
these carbon ingestion rates have been converted from
consumption of chl a only; copepods preferentially
selecting non-phytoplankton prey would obtain sup-
plementary carbon. The preservation and counting
procedures preclude assessments of the dietary contri-
butions of protozoans and phytoplankton but never-
theless, heterotrophic taxa such as Gyrodinium spp.
featured strongly in the motile cell category. There-
fore, Calanus propinquus, Metridia spp. and the small

Table 5. Comparison of mean ingestion rates derived in this study with carbon expenditure for female egg production and for
resplration from other studies by CV and adult females. All values are expressed on a percentage carbon basis

Reference Notes

This study

Mean ingestion rate of CV and CV]?

Chl arange: 6-12 mgm™”’

Ward & Shreeve (1995)
I January
Egg carbon calculated from volume
(Eq. 12 in Huntley & Lopez 1992)
Chl arange: 0.5-6 mg m

Lopez et al. {1993} Egg production in Gerlache Strait in

November

Chl & mean: 4.5 mg m™*

Kosobokova (1994) Egg production in Weddell Sea in
February

> 300 mg carbon m "’

Schnack et al. (1985) Respiration rate of CV and CVI? in
Bransfield Strait/Drake Passage in
December

Chl a mean: 2.3 mg m"~
Respiration rate of CV and CVI? 1n
Atlantic sector

Chl a mean: ~0.2 mg m"~

3
Pasternak et al. (1994)

3

Egg production around South Georgia

Calanoides  Calanus Calanus Rhincalanus Metridia
acutus simillimus propinquus gigas gerlachei
10 10 11 34 7.9
1.2 1.6 0.62
4.5
2.4
3.8 3.0 1.8
3.4 2.2 1.6
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copepods, which selected these protozoans, would
have rations exceeding our estimates from chl a con-
sumption.

Metridia gerlachei and Calanus propinquus are
known to be more omnivorous than Calanoides acutus
and Rhincalanus gigas (e.g. Hopkins et al. 1993a,
Atkinson 1995, Metz & Schnack-Schiel 1995) The for-
mer 2 specles are also characterised by their different
lipid storage patterns, and carnivorous feeding has
been suggested as a winter survival strategy (Bath-
mann et al. 1993, Hagen et al. 1993, Hopkins et al.
1993b, Schnack-Schiel & Hagen 1994). Whether the
diets of the 4 species differ in summer is arguable.
Based on lipid compositions, Graeve et al. (1994) sug-
gested that M. gerlachel was more omnivorous than C.
acutus, with R. gigas between the two. However, no
other evidence from any season has yet appeared to
suggest that the diets of C. acutus and R. gigas are dif-
ferent, despite the fact that the latter has a conspicu-
ously low ration of algal carbon. Studies during spring,
summer and autumn have shown either similar diets
among all 4 species (Voronina & Sukhanova 1976,
Schnack 1985, Hopkins 1987) or more omnivorous
feeding in M. gerlachei and C. propinquus {(Hopkins et
al. 1993b, Metz & Schnack-Schiel 1995). This study,
and a similar one in the Bellingshausen Sea (Atkinson
1995) suggest that even during bloom conditions C.
propinquus and M. gerlachei can feed more omnivo-
rously than C. acutus and R. gigas.

Methodology could partly explain these conflicting
reports. Gut content analysis, while being an in situ
approach, suffers from inability to enumerate soft-bod-
ied dietary items, and these far outnumbered loricate
motile taxa in this study. The incubation method can
be criticised for ‘bottle effects’ (Roman & Rublee 1980)
such as differential growth or ‘food chain effects’ in
grazed assemblages relative to controls. This is not
easily controlled for, so our emphasis was to compare
the responses of a variety of copepods exposed to the
same food assemblage. The range of patterns seen
therefore suggests differences in selective feeding
behaviour between species, rather than incubation
artefacts. The fact that 3 copepod taxa cleared motile
taxa more rapidly than similar size diatoms, whereas 2
species did not, is plausibly explained by the ability of
the former to detect prey movement remotely (Paffen-
hofer 1988, Price 1988, De Mott 1990, De Mott & Wat-
son 1991). However, Price (1988) suggested that such
foods also differ in chemical signals, ease of handling,
digestibility etc., any of which could elicit species-
specific pre- or post-capture responses.

Although incubations in natural seawater cannot
provide a mechanistic understanding of feeding, they
do tell us whether copepods eat certain food items.
Fig 6 shows that copepods could ingest highly elon-

gated cells about 1 mm long, and do so when con-
fronted with a natural mixture of food. Vanderploeg et
al. (1988) came to this conclusion for a freshwater
copepod, but found that it had more trouble ingesting
cells which were elongated in 2 dimensions. Several
studies have shown that certain large and/or spiny
cells are not preferred by copepods (e.g Haq 1967,
Corkett & Mc Laren 1978, Perissinotto 1992). Because
large, long cells often dominate South Georgia blooms,
the ability of copepods to ingest them could be impor-
tant, even if they are not so nutritious, per unit volume,
as motile cells.

Impact of the zooplankton community on the bloom

Was the decline in chl a during the study caused by
zooplankton grazing? Two independent chl a budget
methods concur that copepods cleared only 1.2to 1.3 %
of mixed layer chl a d”', equating to <2.5% of mixed
layer primary production. Not included in this estimate
are small copepods which would have passed through
the 200 pm mesh of the LHPR, plus pteropods and
euphausiids. The small fraction was assessed by 2 con-
secutive pairs of hauls with 100 pm and 200 pm nets.
Their additional grazing impact, estimated from
length/mass regressions and the allometric equations
(Table 3), would have increased the community graz-
ing estimate by <25%. Pteropods were a conspicuous
but unassessed part of the community. Perissinotto
(1992) found that Limacina spp. near the Prince
Edward Islands (Antarctic) accounted for 2 to 7% of
zooplankton numbers and biomass, but an average
23 % of their total grazing impact. Although inclusion
of pteropods, euphausiids and <200 pm copepods
would increase the estimate, even doubling it would
leave the zooplankton cropping <5 % of primary pro-
duction.

Indeed, a simple carbon budget could rule out meso-
zooplankton as primary candidates for removing the
bloom. Mean zooplankton biomass in the mixed layer
was 0.060 g C m™, assuming carbon as 45% of dry
mass. This biomass would need a daily carbon ration of
nearly 300% to match the average microbial produc-
tion of 0.178 g C m~® d"! which, at 3°C, seems an unre-
alistically high average for the whole community. The
copepod impact on the motile taxa was higher, nearly
3% of the mixed layer population removed per day.
Although turnover rates of these prey items were not
measured, their slow removal by copepods suggests
that other factors might have been more important in
controlling their populations.

Mesozooplankton grazing impact is often low, <10 %
of daily primary production (Dam et al. 1993, Morales
et al. 1993, Tsuda & Sugisaki 1994). Several studies,
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however, have shown that high latitude zooplankton
can consume a large portion of phytoplankton produc-
tion (e.g. Hansen et al. 1990, Nielsen & Hansen 1995).
This variability might reflect seasonal and regional
shifts in the ratio between grazers and primary produc-
tion (Landry et al. 1994a). Indeed the grazing impact of
zooplankton near South Georgia during February/
March of the same season varied from 6% to over
100% of daily primary production. (E. Pakhomov
unpubl. data). This resulted from the high resident
grazer biomass being exposed to a much lower bio-
mass and turnover rate of food.

Acknowledgements. We are very grateful to J. Sinclair and G.
O’Mahony who helped with the laboratory analysis. Our
thanks also go to the officers and crew of RRS "James Clark
Ross' for their professional assistance at sea. Comments by A.
Uitto, Prof. A. Clarke and 3 reviewers improved the manu-
script

LITERATURE CITED

Atkinson A {1994) Diets and feeding selectivity among the
epipelagic copepod community near South Georgia in
summer. Polar Biol 14:551-560

Atkinson A {1995) Omnivory and feeding selectivity in five
copepod species during spring in the Bellingshausen Sea,
Antarctica. ICES J Mar Sci 52:385-396

Atkinson A (1996) Subantartic copepods in an oceanic, low
chlorophyll environment: ciliate predation, food selectivity
and impact on prey populations. Mar Ecol Prog Ser 130:
85-96

Atkinson A, Peck JM (1990) The distribution of zooplankton
in relation to the South Georgia shelf in summer and win-
ter. In: Kerry KR, Hempel G (eds) Antarctic ecosystems.
Ecological change and conservation. Springer-Verlag.
Berlin. p 159-165

Atkinson A, Shreeve RS (1995) Response of the copepod com-
munity to a spring bloom in the Bellingshausen Sea,
Antarctica. Deep Sea Res 42:1291-1311

Atkinson A, Ward P, Murphy EJ (1996) Diel periodicity within
a Subantarctic community: relationships between vertical
migration, gut fullness and gut evacuation rate. J Plankton
Res 18:1387-1405

Atkinson A, Ward P, Williams R, Poulet SA (1992a) Feeding
rates and diel vertical migration of copepods near South
Georgia: comparison of shelf and oceanic sites. Mar Biol
114:49-56

Atkinson A, Ward P, Willhams R, Poulet S.A {1992b) Diel ver-
tical migration and feeding of copepods at an oceanic site
near South Georgia. Mar Biol 113:583-593

Barthel KG ({1990) Relationships of food uptake and body
components of Calanus finmarchicus, C. glacialis and C.
hyperboreus to particulate matter and water characteris-
tics in Fram Strait. Polar Biol 10:343-350

Bathmann UV, Makarov RR, Spiridonov VA, Rohardt G (1993)
Winter distribution and overwintering strategies of the
Antarctic copepod species Calanoides acutus, Rhincala-
nus gigas and Calanus propinquus (Crustacea, Calanoida)
in the Weddell Sea. Polar Biol 13:333-346

Boden BP (1988) Observations of the island mass effect in the
Prince Edward archipelago. Polar Biol 9:661-68

Bollens SM, Stearns DE (1992) Predator-induced changes in
the diel feeding cycle of a planktonic copepod. J Exp Mar
Biol Ecol 156:179-186

Brinton E (1991) Distribution and population structure of
immature and adult Euphausia superba 1n the western
Bransfield Strait region during the 1986-87 summer. Deep
Sea Res 38:1169-1193

Conover RJ, Huntley M (1991) Copepods in ice-covered
seas—distribution patterns, adaptations to seasonally lim-
ited food, metabolism, growth pattern and life cycle strate-
gles in polar seas. J Mar Syst 2:1-41

Corkett CJ, McLaren IA (1978) The biology of Pseudocalanus.
Adv Mar Biol 15:1-231

Dam HG, Miller CA, Jonasdottir SH (1993) The trophic role
of mesozooplankton at 47° N, 20° W during the North
Atlantic Bloom Experiment. Deep Sea Res 40:197-212

Dam HG, Peterson WT (1988) The effect of temperature on
the gut clearance rate constant of planktonic copepods.
J Exp Mar Biol Ecol 123:1-14

Deason EE (1980) Potential effect of phytoplankton colony
breakage on the calculation of zooplankton filtration rates.
Mar Biol 57:279-286

De Mott WR (1990) Retention efficiency, perceptual bias, and
active choice as mechanisms of food selection by suspen-
sion-feeding zooplankton. In: Hughes RN (ed) Behav-
ioural mechanisms of food selection. Sprninger-Verlag,
Berlin, p 569-594

De Mott WR, Watson MD (1991) Remote detection of algae by
copepods: responses to algal size, odors and motility.
J Plankton Res 13:1203-1222

Drits AV, Pasternak AF, Kosobokova KN (1993) Feeding,
metabolism and body composition of the Antarctic cope-
pod Calanus propinquus Brady with special reference to
its life cycle. Polar Biol 13:13-21

Eppley RW, Reid FMH, Strickland JDH (1970) Estimates of
phytoplankton crop size, growth rate, and primary pro-
duction. Bull Scripps Instn Oceanogr 17:33-42

Fenton N {1991) Influence of physical environment on pro-
duction and distribution of Antarctic marine phytoplank-
ton. PhD thesis, University of Wales, Bangor

Frost BW (1972) Effects of size and concentration of food par-
ticles on the feeding behaviour of the marine planktonic
copepod Calanus pacificus. Limnol Oceanogr 17:805-815

Gifford DJ (1993) Consumption of protozoa by copepods feed-
ing in natural microplankton assemblages. In: Kemp PF,
Sherr BF, Sherr EB, Cole JJ (eds) Handbook of methods
in aquatic microbial ecology. Lewis publishers, London,
p 723-729

Graeve M, Hagen W, Kattner G (1994} Herbivorous or omniv-
orous? On the significance of lipid compositions as trophic
markers in Antarctic copepods. Deep Sea Res 41:915-924

Hagen W, Kattner G, Graeve M (1993) Calanoides acutus and
Calanus propinquus, Antarctic copepods with different
lipid storage modes via wax esters and triacylglycerols
Mar Ecol Prog Ser 97:135-142

Hagen W, Schnack-Schiel SB {1996) Seasonal lipid dynamics
in dominant Antarctic copepods: enerqy for overwintering
or reproduction? Deep Sea Res 43:139-158

Haney JF (1988) Diel patterns of zooplankton behavior. Bull
Mar Sci 43:583-603

Hansen B, Berggreen VC, Tande KS, Eilertsen HC (1990)
Post-bloom grazing by Calanus glacialis, C. finmarchicus
and C. hyperboreus in the region of the Polar Front, Bar-
ents Sea. Mar Biol 104:5-14

Haqg SM (1967) Nutritional physiology of Metrnidia lucens and
M. longa from the Gulf of Maine. Limnol Oceanogr 12:
40-51



Atkinson et al.: Antarctic zooplankton response to a phytoplankton bloom 209

Hopkins TL (1971) Zooplankton standing crop in the Pacific
Sector of the Antarctic. In: Llano GW, Wallen [E (eds) Biol-
ogy of the Antarctic Seas IV. Antarct Res Ser 17:347-362

Hopkins TL (1987) Midwater food web in McMurdo Sound,
Ross Sea, Anarctica. Mar Biol 96:93-106

Hopkins TL, Ainley DG, Torres JJ, Lancraft TL (1993a)
Trophic structure in open waters of the marginal ice zone
in the Weddell-Scotia confluence region during spring
{1983). Polar Biol 13:389-397

Hopkins TL, Lancraft TM, Torres JJ, Donelley J (1993b) Com-
munity structure and trophic ecology of zooplankton in the
Scotia Sea marginal ice zone in winter (1988). Deep Sea
Res 40:81-105

Huntley ME, Brinton E (1991) Mesoscale variation in growth
and early development of Euphausia superba Dana in the
western Bransfield Strait region. Deep Sea Res 38:
1213-1240

Huntley ME, Karl DM, Niiler P, Holm-Hansen O (1991)
Research on Antarctic Coastal Ecosystem Rates (RACER):
an interdisciplinary field experiment. Deep Sea Res 38:
911-941

Huntley ME, Lopez MDG (1992) Temperature-dependent
production of marine copepods: a global synthesis. Am
Nat 140:201-242

Kierboe T, Sabatini M {1995) Scaling of fecundity, growth and
development in marine planktonic copepods. Mar Ecol
Prog Ser 120:285-298

Kiesrboe T, Tiselius PT {1987) Gut clearance and pigment
destruction in an herbivorous copepod, Acartia tonsa, and
the determination of in situ grazing rates. J Plankton Res
9:525-534

Kosobokova KN (1994) Reproduction of the calanoid copepod
Calanus propinquus in the southern Weddell Sea, Antarc-
tica: observations in laboratory. Hydrobiologia 292/293:
219-227

Landry MR, Lorenzen CJ, Peterson WK (1994a) Mesozoo-
plankton grazing in the Southern California Bight. II.
Grazing impact and particulate flux. Mar Ecol Prog Ser
115:73-85

Landry MR, Peterson WK, Fagerness VL (1994b} Mesozoo-
plankton grazing in the Southern California Bight. |. Pop-
ulation abundances and gut pigment contents. Mar Ecol
Prog Ser 115:55-71

Longhurst AR, Williams R (1976) Improved filtration systems
for multiple-serial plankton samplers and their deploy-
ment. Deep Sea Res 23:1067-1073

Lopez MDG, Huntley ME (1995) Feeding and diel vertical
migration cycles of Metridia gerlachei (Giesbrecht) in
coastal waters of the Antarctic Peninsula. Polar Biol 15:2
1-30

Lopez MDG, Huntley ME, Lovette JT (1993) Calanoides acu-
tus in Gerlache Strait, Antarctica. 1. Distribution of late
copepodite stages and reproduction during spring. Mar
Ecol Prog Ser 100:153-165

Marin V, Huntley ME, Frost BW (1986) Measuring feeding
rates of pelagic herbivores: analysis of experimental
design and methods. Mar Biol 93:49-58

Marr JWS (1962) The natural history and geography of
Antarctic knill (Euphausia superba Dana). ‘Discovery’ Rep
32:33-464

Metz C, Schnack-Schiel SB (1995) Observations on carnivo-
rous feeding 1n Antarctic calanoid copepods. Mar Ecol
Prog Ser 129:71-75

Mitchell BG, Holm-Hansen O (1991} Observations and mod-
elling of the Antarctic phytoplankton crop in relation to
mixing depth. Deep Sea Res 38:981-1007

Moloney C, Field JG (1989) General allometric equations for

rates of nutrient uptake, ingestion and respiration in
plankton organisms. Limnol Oceanogr 34:1290-1299

Morales CE, Bautista B, Harris RP (1990) Estimates of inges-
tion in copepod assemblages: gut fluorescence in relation
to body size. In: Barnes M, Gibson RN (eds) Trophic rela-
tionships in the Marine Environment. Proc 24th Eur Mar
Biol Symp. Aberdeen Univ Press, Aberdeen, p 565-577

Morales CE, Harris RP, Head RN, Tranter PRG (1993) Cope-
pod grazing in the northeast Atlantic during a six week
drifting station: the contribution of size classes and vertical
migrants. J Plankton Res 15:185-211

Nielsen TG, Hansen B (1995) Plankton community structure
and carbon cyching on the western coast of Greenland dur-
ing and after sedimentation of a diatom bloom. Mar Ecol
Prog Ser 125:239-257

Ohman MD, Runge JA (1994) Sustained fecundity when
phytoplankton are in short supply: omnivory by Calanus
finmarchicus in the Gulf of St. Lawrence. Limnol
Oceanogr 39:21-36

Paffenhofer GA (1971) Grazing and ingestion rates of nauplii,
copepodids and adults of the marine copepod Calanus
helgolandicus. Mar Biol 11:286-298

Paffenhéfer GA (1984) Food ingestion by the marine plank-
tonic copepod Paracalanus in relation to abundance and
size distribution of food. Mar Biol 80:323-333

Paffenhofer GA (1988) Feeding rates and behaviour of zoo-
plankton. Bull Mar Sci 43:430-445

Pakhomov E, Perissinotto R (1996) Trophodynamics of the
hyperiid amphipod Themisto gaudichaudii in the South
Georgia region during late austral summer. Mar Ecol Prog
Ser 134:91-100

Parsons TR, Maita Y, Lalli CM (1984} A manual of chemical
and biological methods of seawater analysis. Pergamon
Press, Oxford

Pasternak AF, Kosobokova KN, Drits AV (1994) Feeding,
metabolism and body composition of the dominant
Antarctic copepods with comments on their life cycles.
Russian J Aquat Ecol 3:49-62

Pearre S {1979) Problems of detection and interpretation of
vertical migration. J Plankton Res 1:29-44

Perissinotto R (1992) Mesozooplankton size-selectivity and
grazing impact on the phytoplankton community of the
Prince Edward Archipelago (Southern Ocean). Mar Ecol
Prog Ser 79:243-258

Peters RH (1983) The ecological implications of body size.
Cambridge University Press, Cambridge

Peters RH, Downing JA (1984) Empirical analysis of zoo-
plankton filtering and feeding rates. Limnol Oceanogr 29:
763-784

Pond DW, Priddle J, Sargent JR, Watkins JL (1995) Laboratory
studies of assimilation and egestion of algal lipid by
Antarctic krill—methods and initial results. J Exp Mar
Biol Ecol 187:253-268

Price HJ (1988) Feeding mechanisms in marine and fresh-
water zooplankton. Bull Mar Sci 43:327-343

Priddle J, Heywood RB, Thernot E (1986) Some environmental
factors influencing phytoplankton in the Southern Ocean
near South Georgia. Polar Biol 5:65-79

Priddle J, Leakey R, Symon C, Whitehouse M, Robins D,
Cripps G, Murphy E, Owens N (1995) Nutnent cycling by
Antarctic marine microbial plankton. Mar Ecol Prog Ser
116:181-198

Putt M, Stoecker DK (1989) An experimentally determined
carbon:volume ratio for marine ‘oligotrichous’ ciliates from
estuarine and coastal waters. Limnol Oceanogr 34:
1097-1103

Roman MR, Rublee PA (1980) Containment effects in copepod



210 Mar Ecol Prog Ser 144: 195-210, 1996

grazing experiments: a plea to end the black box
approach. Limnol Oceanogr 25:982-990

Roy S, Harris RP, Poulet SA (1989) Inefficient feeding by
Calanus helgolandicus and Temora longicornis on Coscin-
odiscus wailesii: quantitative estimation using chloro-
phyll-type pigments and effects on dissolved free amino
acids. Mar Ecol Prog Ser 52:145-153

Schnack SB (1985) Feeding by Euphausia superba and cope-
pod species in response to varying concentrations of
phytoplankton. In: Siegfried WR, Condy PR, Laws RM
(eds) Antarctic nutrient cycles and food webs. Springer-
Verlag, Berlin, p 311-323

Schnack SB, Smetacek V, Bodungen B von, Stegmann P (1985)
Utilization of phytoplankton by copepods in Antarctic wa-
ters during spring. In: Gray JS, Christiansen ME (eds) Ma-
rine biology of polar regions and effects of stress on marine
organisms. John Wiley and Sons Ltd, London, p 65-81

Schnack-Schiel SB, Hagen W (1994) Life cycle strategies and
seasonal varlations in distribution and population struc-
ture of four dominant calanoid copepods in the eastern
Weddell Sea, Antarctica. J Plankton Res 16:1543-1566

Schnack-Schiel SB, Hagen W, Mizdalski E (1991) Seasonal
comparison of Calanoirdes acutus and Calanus propinquus
(Copepoda: Calanoida) in the southeastern Weddell Sea,
Antarctica. Mar Ecol Prog Ser 70:17-27

Smetacek V, Scharek R, Nothig EM {1990) Seasonal and
regional variation in the pelagial and its relationship to the
life history cycle of krill. In: Kerry KR, Hempel G (eds)
Antarctic ecosystems. Ecological change and conserva-
tion. Springer-Verlag, Berlin, p 103-114

Smith SL, Schnack-Schiel SB (1990) Polar zooplankton. In:
Smith WO (ed} Polar oceanography, Part B: Chemistry, bi-

This article was submitted to the editor

ology, and geology. Academic Press, San Diego, p 527-587

Tsuda A, Sugisaki H (1994) In situ grazing rate of the copepod
population in the western subarctic North Pacific during
spring. Mar Biol 120:203-210

Vanderploeg HA, Paifenhdfer GA, Liebig JR (1988) Diapto-
mus vs. net phytoplankton: effects of algal size and mor-
phology on selectivity of a behaviourally flexible, omnivo-
rous copepod. Bull Mar Sc143:377-394

Venrick EL (1978} How many cells to count? Phytoplankton
Manual, UNESCO, Paris

Voromina NM, Sukhanova IN (1976) Composition of food of
massive species of Antarctic copepods. Oceanology 16:
614-616

Ward P, Atkinson A, Murray AWA, Wood AG, Williams R,
Poulet SA {1995) The summer zooplankton community at
South Georgia: biomass, vertical migration and feeding
Polar Biol 15:195-208

Ward P, Shreeve RS {1995) Egg production in three species of
Antarctic copepod during an austral summer. Deep Sea
Res 42:721-735

Ward P, Shreeve RS, Cripps GC (1996} Rhincalanus gigas and
Calanus simillimus: lipid storage patterns of two species of
copepod in the seasonally ice free zone of the Southern
Ocean. J Plankton Res 18:1439-1454

Whitehouse MJ, Priddle J, Trathan PN, Brandon MA (1996)
Substantial open-ocean phytoplankton blooms to the
north of South Georgia during summer 1994. Mar Ecol
Prog Ser

Williams PJleB, Jenkinson NW (1982) A transportable micro-
processor-controlled precise Winkler titration suitable for
field station and shipboard use. Limnol Oceanogr 27:
576-584

Manuscript first received: July 2, 1996
Revised version accepted.: September 30, 1996





