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ABSTRACT Two dominant Antarctic copepod species, Rhincalanus gigas and Calanus simillimus,
were sampled at stations along a 420 km transect running from Maurice Ewing Bank {50°S, 42°W)
towards South Georgia (54°S, 37.5° W) during early January 1994 and again 1 mo later. The transect
spanned the Polar Frontal Zone (PFZ), crossing the Polar Front (PF) into Antarctic surface waters. [n
January, diatom blooms were present immediately south of the PF and at open ocean stations further
south where unusually high total pigment levels up to 800 mg m™* were recorded. In early January,
north of the PF, R. gigas had not yet commenced spawning although recruitment had begun to the
south. I'arly stages of C. simillimus copepodites were, however, present at all stations sampled. South
of the Pk both gonad maturity and lipid levels in R. gigas showed a clear positive relationship with the
elevated pigment concentrations. C. simillimus females, on the other hand, were ripe at the majority of
stations sampled regardless of pigment levels. A month later postbloom conditions were present over
the greater part of the transect and the summer generation of both species was present at all stations.
A proportion of the summer generation of C. simillimus had already reached adulthood and their
gonads were maturing. The populations of both species were older in PFZ waters, and mean popula-
tion age showed a strong correlation with water temperature. Prosome length of stages CIV, CV and
CVIg R. gigas was negatively correlated with sea surface temperature. This was not the case for C.
simillimus females, suggesting that they had been recruited earlier in the season under different envi-
ronmental conditions. Lipid analysis indicated that R. gigas predominantly stored wax esters, in con-
trast to C. simillimus where the dominant lipid class was triacylgycerol. These observations coupled
with literature data on feeding and seasonal vertical distribution seem to indicate fundamently differ-
ent life history patterns.
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INTRODUCTION

Biogeographic studies of plankton distributions have
repeatedly demonstrated that there are strong associa-
tions between water masses and zooplankton commu-
nities (Haury et al. 1978). At the mesoscale (10s of km),
differences in abundance are commonly observed,
whereas at larger scales (100s of km) differences in
species composition are often seen (Platkowski 1989,
Atkinson et al. 1990, Tarling et al. 1995). Variations in
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population stage structure, development rates and
physiological condition can also occur at the meso-
scale, both within a water mass (e.g. neritic/oceanic
differences, Boysen-Ennen & Piatkowski 1988, Hunt-
ley & Brinton 1991, Huntley & Escritor 1991) and across
fronts separating water masses where differences in
temperature and food supply may be influential (e.g
Marin 1987, Piatkowski 1989). Specifically within the
Antarctic, Atkinson (1991) has demonstrated the wide-
spread distributions, yet differing proportions, of com-
monly occurring large copepods in water masses rang-
ing from the sub-Antarctic to the Weddell Sea.
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Relatively few mesoscale plankton studies in the
Southern Ocean encompass the more northerly regions
including the Polar Front (PF) and Polar Frontal Zone
(PFZ). Mackintosh {1934) and Voronina (1978) have
found that whilst some epipelagic plankters were as
abundant on one side of the PF as the other, for others
it represented a distinct faunistic boundary. Mack-
intosh (1937} also illustrated the seasonal distribution
of the plankton along 80°W from 55°S as far south as
70°S. Changes in the horizontal extent of the plankton
along this meridian were clearly linked to seasonal
changes in its vertical distribution.

In this paper we concentrate on the distribution and
population biology of the 2 dominant species of cope-
pods, in terms of biomass, in this region, Rhincalanus
gigas and Calanus simillimus. Both species occur
widely in the AAZ (Antarctic Zone), across the PFZ,
and into sub-Antarctic waters. R. gigas is an Antarctic
form that during summer, at least, is present in surface
waters on both sides of the PF (Ommanney 1936,
Mackintosh 1937 Voronina 1970). C. simillimus on the
other hand has a sub-Antarctic distribution although
it is capable of extending its range southwards into the
Antarctic (Vervoort 1965, Marin 1987). Both species
are spring/summer spawners and are generally
thought to have a 1 yr life-cycle.

Sampling took place at stations along a transect
running from Maurice Ewing Bank (MEB) (50°S,
42° W) to South Georgia (54°S, 37.5° W) which encom-
passed PFZ water in the north, the PF, and surface
waters of the AAZ. The transect was sampled twice,
comprising 8 stations in early January (T1) and again
4 wk later in early February when sampling was
undertaken at 14 stations (T2). Each traverse was
completed in ~50 to 60 h. The objectives of the study
were to use these quasi-synoptic observations to
investigate differences in population biology of the 2
copepod species, and to investigate their responses to
changing environmental conditions both within and
between different water masses. Two additional sta-
tions, one on the shelf near the Willis Islands, South
Georgia, in proximity to the southern end of the tran-
sect {sampled from 10 to 18 Jan), and the other near to
the PF (sampled from 4 to 12 Feb), enabled a further
examination of lipid biochemistry and egg production
rates.

METHODS

The position of the transect and sampling stations
are given in Fig. 1. Temperature and salinity data were
monitored from the ship’s 6 m nontoxic seawater sup-
ply using a Sea-Bird Electronics® thermosalinograph.
A Turner designs® fluorometer was used to measure
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Fig. 1. The study area. Transect Stns 1 to 3 and 6 to 10 were

sampled during January and Stns 1 to 14 during February.

The positions of the Polar Front in January (PF JAN) and Feb-

ruary (PF FEB) and sub-Antarctic Front during Febrary (SAF

FEB) are given as well as the location of the Willis Islands and
Polar Frontal Zone stations

fluorescence. On both traverses a CTD rosette was
deployed at each station to at least 1000 m and water
bottle profiles were taken for chlorophyll and nutrient
analyses.

Zooplankton were sampled using an 0.75 m dia-
meter ring net with a 5 1 solid cod end that was de-
ployed to 200 m and slowly hauled to the surface at
~0.15 m s”L, Owing to logistic constraints zooplankton
were only sampled at 8 of the 14 stations on T1 (start-
ing at the northern end, Stns 1 to 3 and 6 to 10). As a
result of bloom conditions encountered at stations on
the southern end of the transect during T1 different net
mesh sizes were used. Stations north of the PF (1 to 3)
and Stn 6 were sampled with a 200 ym net. When this
was found to be clogging (Stns 7 to 10) a 500 pm net
was substituted and, in addition, a 100 pm net was also
fished at these stations. During T2 the postbloom
conditions allowed the use of a 200 pm net at all 14
stations.

All copepodite stages of the 2 species were enumer-
ated from each of the nets. Mean stage estimates were
restricted to the 100 pm and 200 pm samples which
represented the abundance of the younger stages
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more accurately. The mean population stage (S) was
calculated according to:

nCl + 21@ +...+6nCVI
N

(S) =

where nCl, 2nClIl, ..., are the number of respective
stages and N the total number counted.

Where possible 30 females of both species were
removed from each sample and the prosome length
measured. Gonad maturity was also assessed using
criteria defined by Ward & Shreeve (1995), with the
single exception that the mature stage was subdivided
into early and late categories. In the case of Rhin-
calanus gigas the lipid sac was measured and its vol-
ume obtained by approximation to a cylinder. Prosome
length and lipid sac volume was also determined for
30 CIV and CV R. gigas from each station sampled on
both traverses. Stages were examined under a binocu-
lar microscope equipped with an eyepiece graticule.

At the Willis Island and PF stations samples were
obtained using the same nets and were analysed in an
identical fashion. Egg production experiments were
carried out on Rhincalanus gigas (both stations) and on
Calanus simillimus (PF station only) by randomly re-
moving undamaged females from the codend samples
and transferring them, either individually or in groups
of 5, to perspex inserts with an 800 pm mesh bottom
suspended in 1.5 1 jars of filtered seawater. Jars were
incubated in the dark at ambient surface seawater
temperature for 24 h. At the end of the incubation
period the contents of the jars were filtered through a
53 pm screen, resuspended in a petri dish and eggs
counted under a microscope. Aliquots of some of the
catches were also filtered onto squares of 200 pm mesh
and immediately frozen at —-60°C. In the United King-
dom these samples were quickly and carefully thawed
out in sea water at an ambient temperature of 2°C and
sorted into species stages. Batches of 15 to 100 indi-
viduals were then extracted in chloroform/methanol
(2:1 v:v). Samples were homogenised and separated
according to Folch et al. (1957) and the extracted lipid
dried to constant weight in a stream of nitrogen. Sam-

ples were then resuspended in chloroform/methanol
and applied to HPTLC plates so as to give a loading of
~15 pg per analysis and run as single developments
following the method of Olsen & Henderson (1989).
Wax ester rich and triacylglycerol rich lipid standards
were prepared according to Hagen (1988).

Dry masses of copepods were obtained from repli-
cate batches of species stages which were sorted from
the frozen material and dried to constant mass at 60°C.
At the shelf station near South Georgia insufficient
frozen material was available for dry mass determi-
nations of Calanus simillimus females. Dry mass was
therefore estimated by comparing formalin preserved
dry mass determinations from the PFZ station with
those made on fresh/frozen material. The proportional
difference between the two was then applied to the
formalin preserved estimate from the Willis Island
station and a fresh/frozen dry mass estimate derived.

RESULTS
Environment

Sea surface temperature and total integrated phyto-
pigment (chlorophyll a and phaeopigment 0 to 100 m)
along the transect are shown in Fig. 2. On T1 the PF
was located between Stns 5 and 6 with sea surface tem-
peratures dropping from 5-6°C at the first few stations
to approximately 3°C on the southern side of the front.

Total plant pigment was relatively low to the north of
the front, averaging ~100 mg m™2. Values were higher
at Stn 6 immediately to the south of the front and sur-
face data also indicated a bloom coincident with this
feature. Levels fell and then increased dramatically
towards South Georgia, approaching 800 mg m™2 On
T2, sea surface temperatures were approximately 1 to
1.5°C higher throughout the transect, probably due to
summer warming The surface expression of the PF,
indicated on the thermosalinograph, was encountered
slightly further south and the 2 most northerly stations
were outside the PFZ, lying in sub-Antarctic water

A. January B February

&l n —~
Fig. 2. Total pigment (phaeo- = 800 7 r8 100ﬂ SAF Ls @
pigment and chlorophylla)mg ¢ E;g 700 o -7 90 llk7 o
m™ (0 to 100 m) and sea sur- o 5 oo 4 - L6 809 ‘ L s =2
face temperature (°C) in (A) £s 500 4 pE | L s ;8: PF s @
January and (B) February. g 2 400 1 L4 50 g_
Filled portion of bar: phaeo- & .; 3004 L, 0 4 &
pigment; open portion: chloro-  'a 2 200 - 5 30 E(é
phyll a. Note change in pig- .g k<) i 20 5
ment scale between January + & 19077 ] 10 -
and February. SAF: position of § ¢ 0 0 S

a 123456 7891011121314 123456 78 91011121314

sub-Antarctic Front; PF: posi-
tion of Polar Front

Station number

Station number



24 Mar Ecol Prog Ser 140: 21-32, 1996

Pigment levels were still higher at stations closer to
South Georgia but fell sharply to low post bloom levels
over the rest of the transect. Plots of the proportion of
phaeopigment in relation to total pigment are shown in
Fig. 2. On T1, stations north of the PF had relatively
higher amounts of phaeopigment (15 to 30%). South
of the PF the proportion fell in relation to greatly
increased levels of total pigment. This, and the fact
that with the exception of Stns 5 and 6, where high pig-
ment levels were associated with the PF, suggests that
in passing from north to south along the transect a
transition from postbloom to full bloom conditions took
place. On T2 the proportion of phaeopigment showed
no discernable pattern with respect to station order
although the proportion showed a general increase
with increasing total pigment.

P. N. Trathan, M. A. Brandon & E. J. Murphy (un-
publ.) have shown that during the occupation of the
transect geostrophic flows indicated variability in water

R. gigas January

100 ] z, 2’ -
90 7,
A % 2
80 b = &
70 L A *ﬁ ;i
60 - i 1]
50 =mill
158}
40 a1 1 !
30 H =
7
20 A 2 )
0 L I L
S 1 2 3 4 5 6 7 8 9 10
Q
O
2 C. similimus  January

122:”9 12,
so—é.%é kj&'

70 4 (%]

=%

60 |||
50
40 HE
30 4E

20 p__L._‘

1 2 3 4 5 6 7 8 9 10

Station number

cIl i m CIvV 2754 CV 2
cI e | cm || o é

speed and direction. On both traverses stations over
the southern edge of MEB lay in a narrow (100 km)
high speed band of northeastward flowing water cor-
responding to the PF. Maximum flow of this band was
upto 17 cms'on Tl and 12 cms™ on T2 (200 dbar ref-
erenced to a level of no motion at 1000 dbar). In other
areas of the transect, flows were lower and in some
cases moved in a southwesterly direction counter to
the main direction of the Anarctic Circumpolar Cur-
rent (ACC) (Trathan et al. unpubl.).

Population stage structure

Rhincalanus gigas. Stage frequency distributions for
T1 were notable for the almost complete absence of
copepodite stages CI to CIII north of the PF (Fig. 3).
Older stages were largely CVs and adults indicating
that in this part of its range this species was only just
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Fig. 3. Rhincalanus gigas and Calanus simillimus. Stage frequency distributions in January and in February
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beginning to spawn. South of the PF younger stages
were present in variable proportion, outnumbering
older stages at the majority of stations. The presence of
the overwintered and summer generations at these
stations was reflected by the bimodal distributions. On
T1 there was a clear decline in mean age from stations
north of the PF to those closer to South Georgia (Fig. 4).
On T2 younger copepodite stages were present at all
14 stations. Bimodality was less obvious with a single
mode being the norm skewed either to younger or
older stages. At Stns 1 to 3 on T2 the mean population
age was younger than on T1, a possible result of
recruitment having taken place in the interim month.
South of the PF mean age was variable, the population
being older at Stns 6, 9 and 10 and younger at Stns 7
and 8. The north to south decrease in mean age, how-
ever, was still apparent.

Calanus simillimus. In this species the summer gen-
eration, stages CI to CIII, was dominant on both sides
of the PF on T1 and there was no evidence of bimodal-
ity. By T2 there was an increase in the proportion of
older stages throughout the transect particularly north
of the PF and a corresponding increase in the mean
population age (up to 1.75 stages) at those stations
commonly sampled on both traverses.

Gonad condition

Rhincalanus gigas. With the exception of stations
north of the PF, female gonad maturity demonstrated a

25

positive relationship with total pigment on T1 (Pearson
Corr. = 0.904). At Stns 1 and 2 the majority of females
were approaching maturity whereas at Stns 3 and 7
they were clearly immature (Fig. 5). At maximum pig-
ment concentrations (Stns 6, 9 and 10) the majority
were fully mature and a proportion ripe. On T2 stations
north of the PF were broadly at the same level of matu-
rity as seen on T1 although the proportion of ripe
females had increased. At Stns 8 to 12 there was an
increasing proportion of immature females despite
slight increases in total pigment.

Calanus simillimus. In contrast, 80 to 100 % of C. simil-
limus females were ripe at every station sampled on T1.
A month later, although the number of ripe females was
still high, increased proportions of earlier maturity stages
were seen at most stations particularly north of the PF.

Willis Island station

Water at this station was essentially of AAZ origin
with a surface temperature of ~3°C. Chlorophyll a
concentrations were initially high [up to >1000 mg m™2
(0 to 100 m)] with >90% of the biomass in the >20 um
fraction which was dominated by large colonial
diatoms. Levels declined to ~500 mg m? during our
occupation of the station.

Rhincalanus gigas. Of the females, 80% were
mature or ripe and eggs were being produced. Egg
production experiments indicated 60 to 70% of
females spawning and maximum egg production rates
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of 23 eggs female™' d! The mean age of the popula- Polar Front Zone station
tion was 3.4 (range 3.2 to 4.0). Dry mass of females and
CIVs and CVs was high (Table 1). In this region there was substantial mesoscale vari-
Calanus simillimus. Of the females, 94 % were either ability and the station was based near the centre of a
mature or ripe. Although insufficient females could be warm core ring (Trathan et al. unpubl.). Surface tem-
found in samples with which to carry out egg produc- perature was 5 to 6°C and phytoplankton biomass was
tion experiments (largely due to problems in sorting low (50 mg m~2). In contrast to the Willis Island station
material in the dense bloom samples), analysis of the majority of the pigment was <20 pm, small diatoms
formalin preserved samples indicated the presence of were scarce but small dinoflagellates and crypto-
early copepodites. monads were abundant.

Table 1. Rhincalanus gigas and Calanus simillimus. Dry mass and lipid data from the Willis Islands and Polar Frontal Zone
stations. Data are means = SD. (n]: no. of replicates of between 30 and 50 individuals

Rhincalanus gigas Calanus simillimus

cv CVlio cv CVlg (imm.) CVlIg (ripe)
Willis Island station
Body dry mass (pg) 2043 = 487 (5) 3004 + 564 (11) 137¢ 305¢ 295¢
Total lipid (ng) 326 + 81 (3) 851 + 234 (5) 42 + 8 (3) 58 (1) 32 (1)
Wax ester {ug) 215 £ 75 (3) 515 + 214 (5) 1.8+0.8(3) 5.8 (1) 4.4 (1)
Triacylglycerol (ng) 49 + 13 (3) 125 + 38 (5) 23+ 13 (3) 27.1 (1) 14.3 (1)
Polar Frontal Zone station
Body dry mass (pg) 772 £ 177 (4) 1085 + 117 (3) 185 + 41 (16) 3291 27 (4) 320 (1)
Total lipid (ug) 1512 0.7 (2} 115+ 2(2) 72+ 20 (5) 85 = 36 (2) 32x1.7(2)
Wax ester (ug) 87 +6 (2) 80 + 14 (2) 02+02(5) 0404 (2) 0.6+04(2)
Triacylglycerol (pg) 6+ 4 (2) 1.5+2(2) 45 + 10 (5) 73 +34 (2) 19+4(2)
*Estimate of dry body mass. Derived from the proportional difference between formalin preserved dry mass and that from
frozen matenal at the Polar Front Station, and applied to the formalin derived estimate from the Willis Islands station J
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Rhincalanus gigas. In marked contrast to the Willis
Island station worked some 3 wk earlier the majority of
females were immature (68 %) and none were ripe. No
eggs were produced by the females that were incu-
bated. The mean population stage was approximately
the same as at the South Georgia station (3.4). Dry
masses of females and stages CIV and CV were some
5 times lower than at the South Georgia station and oil
sac volumes were 8 times less.

Calanus simillimus. The mean population stage at
this station was 4.3, older than at Willis Island but com-
parable to stations worked near the PF during T2.
Approximately equal proportions of the female popu-
lation were immature (39%) or ripe (42%). Egg pro-
duction experiments indicated that 40 to 50% of the
population was spawning and maximum egg produc-
tion was 6 eggs female ! d™!,

Lipid

Rhincalanus gigas. On T1 there was a strong rela-
tionship between total pigment and lipid sac volume in
CVs and adults (Fig. 6). As with total pigment, south of
the PF, lipid sac volume increased with increasing
proximity to South Georgia, the exception being Stn 6
which was located in a bloom associated with the PF.
Lipid sac volumes at the first 3 stations were only 20 to
30% of those at the southern end of the transect. The
relationship with total pigment is clearly asymptotic
and probably reflects the fact that females at Stns 6, 9
and 10 had accumulated the maximum amount of oil
they were capable of. One month later on T2, females
north of the PF had increased amounts of lipid com-
pared to on T1 but at the 5 stations south of the PF,
females contained approximately half the volume of oil
observed on T1 There was only a weak positive rela-
tionship between total pigment and lipid volume at this
time which may indicate that, to an extent, lipid con-
tent is less in equilibrium with available food and
reflects more the higher levels of food available on T1

Similar relationships between food and lipid content
between traverses were observed for stages CIV and

January
2.04

Lipid volume (mm?)
P
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Fig. 6. Rhincalanus gigas. Lipid vol-

CV. At stations north of the PF lipid content of CVs
exceeded that of females.

Our data on lipid amounts and class composition are
reported more fully elsewhere (Ward et al. in press)
and we only summarize those findings here. Lipid con-
tent of CV and female Rhincalanus gigas and Calanus
simillimus is given in Table 1

At the Willis Island station Rhincalanus gigas was
approximately 3 times as heavy as at the PFZ station
and lipid content was some 7.5 times greater This
amount of lipid was consistent with our measured vol-
umes (mean 8 times higher). Lipid class composition
(Table 1) indicated that at both stations the dominant
component for R. gigas was wax esters (60 % and 70 %
respectively).

Calanus simillimus. Female C. simillimus were dis-
tinguished according to whether they were immature
or ripe. The former grouping had variable amounts of
oil present and the standard deviation of the mean
amount of lipid extracted at the PFZ station was high.
Dry mass determinations indicated immature females
to be slightly heavier at the PFZ station. The amount of
lipid extracted from ripe females was ~10% of dry
mass at both stations, whereas amounts from immature
females were higher at both stations 17 % at the Willis
Island station and 25 % at the PFZ station.

The major lipid component in this species was tri-
acylglycerol with higher amounts being found in
immature females, particularly at the PFZ station. Wax
ester was present in moderate amounts in females at
the Willis Island station but amounted to <2 % at the
PFZ station.

DISCUSSION

The PF is an area of convergence of varying
strength. At some locations the exchange of water and
zooplankton across this feature is extremely restricted
although at others mixed faunal zones may extend for
several hundred miles (Voronina 1978, Tarling et al.
1995). In the Atlantic sector of the Southern Ocean the
PF is extremely dynamic with the generation of intense

February

ume (mm?) vs total pigment (mg m™?, T

0 to 100 m) in January and in Febru- 0 100 200 300 400 500 600 700 800 15 25 35 45

ary. {(----) CVlg; (—) CV; {-----) CIV

Total pigment (mg m?)

Total pigment (mg m?)



28

eddies and the propogation of meanders and core rings
being commonplace (Gordon et al. 1977, Legeckis
1977, Hofmann & Whitworth 1985, Priddle et al. 1988,
Atkinson et al. 1990). In the PFZ there is often a wide-
spread distribution of zooplankton species that are also
common in the AAZ, e.g. Euphausia triacantha (Baker
1959), Eukrohnia hamata (Mackintosh 1937) and the
2 copepods that form the focus of this study.

From an extensive seasonal analysis of 'Discovery’
material, Atkinson (1991) concluded that of the 2 spe-
cies being considered here Calanus simillimus has the
more northerly distribution in the Atlantic sector being
particularly abundant in the sub-Antarctic zone, a
view which is in accord with that of Vervoort (1965).
The southern limit of its distribution would appear to
be the southern part of the Scotia Sea (Mackintosh
1934, Marin 1987, Atkinson 1991). Although Rhincala-
nus gigas was present in water types ranging from
the sub-Antarctic to the Weddell Sca {Atkinson 1991} it
was most abundant north of the PF. Ommanney (1936),
plotting spring and summer distributions of R. gigas in
the same region, noted some interannual variation
with maxima extending into the Antarctic zone during
some years and suggested that the 5°C surface iso-
therm marked its northern boundary. It is present in
the Weddell Sea in greatly reduced abundance (Om-
manney 1936, Bathmann et al. 1993). Both species are
therefore essentially inhabitants of the ice-free zone.

To be able to link our observations on these 2 species
sampled 1 mo apart, we firstly need to consider the
general oceanographic environment of the study area.
South Georgia lies north of the seasonal ice zone in the
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predominantly eastwards flowing AAZ, in the Perma-
nently Open Ocean Zone (POOZ; Tréguer & Jacques
1992). The transect extended in a northwesterly direc-
tion to Maurice Ewing Bank passing over the PF and
into the PFZ. To the west of the transect a major topo-
graphically induced deflection occurs in the ACC
where it passes through the Scotia Arc. Movements in
the position of the PF of up to 100 km on time scales as
little as 10 d have been recorded in this vicinity (e.g.
Nowlin & Klinck 1986}, as has the generation of eddies
and meanders. The region is thus hydrographically
complex and an important determinant of current
flow and direction is bathymetry. Measurements of
geostrophic flow taken along the transect during both
months (Fig. 7) were in good agreement with those
predicted by the Fine Resolution Antarctic Model
(FRAM Group 1991) (see Trathan et al. unpubl.). The
level 7 (185 to 245 m depth range) current vectors from
this model predicts the high velocity flow found along
the southern edge of MEB, as well as the relatively
slow flow found in the middle of the transect and the
westward movement immediately north of South
Georgia. Strong eastward flows in the ACC have also
been described in this region by Davis et al. (1996) who
compared FRAM data with drifter trajectories, whilst
the westward flow along the north of South Georgia
has been suggested by Hardy & Gunther (1935), Dea-
con (1937) and more recently Whitworth et al. (1991).
Thus although the animals found at all stations along
the transect likely originate well to the south and west,
variable current regimes will affect stations differently.
For example, animals in the vicinity of the PF sampled
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Fig. 7. Geostrophic flow at 200 m along the transect in (A) January and (B) February. (C) Output from the Fine Resolution Antarctic
Model (FRAM) level 7 (185 to 245 m) for the same area
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on T1 would, at their recorded speed, be 500 km away
1 mo later; whereas those along the middle of the tran-
sect may to an extent be retained in the area of low and
variable flow. Despite the dynamic nature of the study
area no mesoscale features or rapid movement of
fronts were detected along the transect on either occa-
sion. However, a single satellite image obtained during
January indicated eddy-like structures <100 km wide
and 1°C warmer than surrounding water at approxi-
mately 45°W (Whitehouse et al. 1996).

However, clear evidence exists that on T2 a different
population of animals was sampled. Examination of
the mean prosome length of Rhincalanus gigas
showed a clear negative relationship with sea surface
temperature during both traverses (Fig. 8). At the
majority of stations, stages were generally smaller on
T2 compared to on T1 strongly suggesting that sea-
sonal warming and/or food availability had influenced
development rates (sensu Vidal 1980) and hence body
length. Only on T2 was a similar length/temperature
relationship seen for female Calanus simillimus, and
on both traverses scatter of data was high. Rather than
pointing to a different origin (both species are present
in surface water masses at this time of year) it perhaps
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Fig. 8. (A) Rhincalanus gigas and (B) Calanus simillimus.

Mean prosome length (um) vs sea surface temperature (°C).

Data for R. gigas are pooled transect data from January

and February: (0) CVlIg, (a) CV, (@) CIV. For C. simillimus:
(o) data for January, (a) February

indicates that the C. simillimus female population was
older, and in terms of growth, affected by factors
occurring before sampling on T1. This is also consis-
tent with the view that in our study area spawning of K.
gigas commences in December (Ommanney 1936,
Atkinson 1989). Spawning in C. simillimus has been
reported in November at ~55° S although mature indi-
viduals were found in surface waters as early as
August north of the PF (Voronina et al. 1978).
Relationships between temperature/latitude and
mean population stage for both species indicate an
older population at the more northerly stations on both
traverses (Fig. 4). On T1 in the case of Rhincalanus
gigas this is due to reproduction not yet having com-
menced north of the PF, an effect still apparent 1 mo
later. This is broadly in agreement with Ommanney
(1936) who suggested a later start and a less intense
recruitment in PFZ waters. However, he and other
authors (e.g. Kanaeva 1968, Marin 1987) have also
noted other regional variations in the timing of recruit-
ment broadly linked to differences in water tempera-
ture, with spawning taking place earlier in warmer
Antarctic waters. Thus R. gigas does not appear to
adhere to this pattern north of the PF and here may be
at its northern limit for succesful reproduction.
Recruitment of Calanus simillimus had already com-
menced along the entire length of the transect by the
start of January. This species appears to start spawning
in spring, the new generation becoming abundant by
December (Atkinson 1991). Evidence suggests that
spawning is retarded in the colder part of its range
which may in turn account for the temperature/latitu-
dinal differences in mean age seen along the transect
in both months. Reproduction may have been delayed
at the southern end of the transect and/or higher tem-
peratures further north may have increased develop-
ment rates. Although the mean population age of C.
simillimus had increased by the largest increment
(1.75 stages) at Stn 3 at the warmer end of the transect,
Stns 1 and 2 showed progression in the range seen at
those stations south of the PF. Thus a clear temperature
effect was not demonstrated. On T2 the proportion of
ripe females was generally less than 1 mo previously.
The increased proportions of immature and early
maturing females, particularly north of the PF, may
represent newly moulted CVs from the summer gener-
ation which may in turn spawn in the autumn. The
mean stage of the population was older at those sta-
tions commonly sampled on both traverses during T2.
One clear response of the Rhincalanus gigas popula-
tion to the bloom conditions experienced on T1 was to
increase amounts of stored lipid. Literature data sug-
gest that the annual primary production cycle in the
POOZ is unimodal (Hart 1942). Although Tréguer &
Jacques (1992), reviewing studies made in the Indian
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Ocean sector, concluded that in these oligotrophic
waters where turbulent mixing is a governing factor on
phytoplankton growth, blooms (>1.5 mg m™ chloro-
phyll a) rarely occurred. In this study, the northern-
most bloom appeared to be associated with the PF jet.
The origin of the bloom at the southern stations on the
transect is, however, unclear. Chlorophyll concentra-
tions as high as these are rarely encountered in the
open ocean and possible mechanisms such as seeding
from the South Georgia shelf and advection and reten-
tion are discussed by Whitehouse et al. (1996). On T2
pigment levels were up to an order of magnitude
lower, being only about half of T1 values in some cases
and there was no clear relationship with mean lipid
volume. Given the strong response of lipid accumula-
tion to increasing pigment concentrations seen during
T1 it seems likely that the decline of the bloom by T2
had adversely affected the ability of the new cope-
podite stages to feed and store lipid. Drits et al. (1993,
1994) indicated that a similar situation may have
existed for Calanus propinquus and Calanoides acutus
in the Weddell Sea. Their studies took place between
February and April at a time when chlorophyll was
decreasing and the populations of C. propinguus and
C. acutus were preparing to overwinter. Carbon loss
vlia respiration outstripped carbon ingestion at the end
of their study period and it was suggested that this
shortfall may have been met by mobilization of stored
lipid. Great variability in the amount of lipid was seen
at this time.

Stored lipid was thought until recently to function as
an overwintering metabolic store. However, work has
indicated that in some diapausing species overwinter-
ing costs may not be great and that a proportion of
the lipid is invested in reproduction (Sargent & Falk-
Peterson 1988). Spawning in a number of polar species
seems to precede the spring bloom (Fransz 1988, Smith
1990, Hirche & Kattner 1993, Ward & Shreeve 1995)
and a picture is emerging that during certain phases of
a female's reproductive life, lipid can be used to fuel
egg production. In this study, however, reproduction is
not thought to be implicated as a prime cause of the
reduction in lipid volume for 2 reasons. Firstly de-
creases in lipid were also seen between T1 and T2 for
CIVs and CVs. Secondly, on Tl an index of reproduc-
tion such as gonad maturity appeared to be proceeding
in parallel with increases in lipid volume, both posi-
tively related to total pigment levels. On T2 gonad
maturity had either stayed broadly the same (Stns 1
and 2), had increased (Stns 3, 6, 7 and 8) or declined at
Stns 9 and 10 where lipid loss was greatest.

Data on lipid class composition for Rhincalanus gigas
sampled at the South Georgia shelf and PF stations are
broadly in agreement with previous studies. Total lipid
content of females (% dry mass) is relatively low

compared to other large Antarctic species such as
Calanoides acutus (up to 50%) and wax ester is the
dominant component (Hagen 1988, Graeve et al.
1994). The 2- to 3-fold reduction in dry mass seen at
the PF station, the lower lipid content and the absence
of egg production perhaps reflects the relatively poor
feeding conditions at this station for this species.
Calanus simillimus however was somewhat unusual in
that TAG was the dominant component, ranging from
55 to 86% of total lipid content for CVs and adult
females at both stations, and wax ester formed a rela-
tively minor contribution. This result is strikingly simi-
lar to that seen for the high Antarctic congener
Calanus propinquus (Hagen et al. 1993) which, obser-
vations suggest, may not undergo diapause and which
can be active in surface waters during winter (Nothig
et al. 1991, Hopkins et al. 1993, Schnack-Schiel et al.
1991). Our data can be seen as evidence that C. simil-
limus may occupy a similar niche in the lower latitudes
of the ACC and sub-Antarctic. Supporting evidence
comes from the bimodality in vertical distribution dur-
ing winter (Vladimirskaya 1978, Voronina et al. 1978,
Atkinson 1991) and from the fact that a proportion of
the population (older copepodite stages plus adults)
remains in surface waters year round (Atkinson 1991).
The ability of this species to produce eggs at the PF
station may indicate that it is better adapted to exploit
the low food concentrations and smaller size fractions,
in particular the protozoan component, that were
apparent at this station (Atkinson 1996).
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