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Abstract The reproductive response of Rhincalanus gigas
to the build up of a phytoplankton bloom in the
Southern Ocean was studied during the European iron
fertilization experiment (EIFEX). Egg production
experiments were conducted over a period of approxi-
mately 5 weeks during development of a diatom domi-
nated bloom. R. gigas showed a clear response to
increasing chlorophyll a concentrations and the total egg
production of the R. gigas population was highest
just after the peak of the bloom at day 29 after fertil-
ization. The average peak production was 50 eggs
female ' day'. The percentage of egg producing
females increased from about 0 to 90% during the
course of the experiment. Accordingly, the maturation
of the gonads reflected the positive response towards
enhanced chlorophyll a concentrations. The fast repro-
ductive response indicate that R. gigas was food limited
during the period of this study in the Antarctic Polar
Front region (APF).

Introduction

The Southern Ocean is known as a high nutrient—low
chlorophyll (HNLC) ecosystem where production is
generally low, even though macronutrients like nitrate
and phosphate are available all year round (Martin et al.
1990). In recent years, it has been shown that primary
production in the Southern Ocean is limited by iron
availability (Martin et al. 1990). Large scale artificial iron
fertilization experiments of HNLC waters have induced
phytoplankton blooms (e.g. Boyd et al. 2000; Gervais
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et al. 2002; Coale et al. 2004). Copepods dominate the
zooplankton communities of the Southern Ocean in
terms of numbers and biomass (Voronina 1998; Pakho-
mov et al. 2000), but our understanding of copepod
population dynamics in this area is still poor. As a con-
sequence of the short growth season and low primary
production, zooplankton growth and reproduction in the
Southern Ocean may be limited by food availability. A
productive area within the Southern Ocean is associated
with the Antarctic Polar Front (APF) where blooms are
frequently reported (Laubscher et al. 1993). In the
Atlantic sector of the APF Rhincalanus gigas is one of the
most abundant large copepod species (e.g. Ommanney
1936; Atkinson 1991; Pakhomov et al. 2000), and is
known to have a protracted period of recruitment
through the summer into the autumn (Ommaney 1936).
In recent years it has become more and more apparent,
that growth and development of populations of large
calanoid copepods within the Southern Ocean depend on
the availability of food (Ward and Shreeve 1999; Shreeve
et al. 2002). However, most of the reported studies give
only snapshot results where temporal development is not
taken into consideration.

The European iron fertilization experiment (EIFEX)
provided an unique opportunity to follow the repro-
ductive response of R. gigas during the entire develop-
ment of a diatom dominated phytoplankton bloom. This
Lagrangian type experiment made it possible to study
the same zooplankton assemblage for 38 consecutive
days, which has so far not been achieved for the
Southern Ocean.

Material and methods
Study location

The iron fertilization experiment EIFEX was carried out
during austral autumn (21 Jan 2004-25 Mar 2004) in the
Atlantic sector of the Southern Ocean on RV Polarstern.
We choose a cyclonic eddy (extending over
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60 x 100 km) for our experiment, embedded in a
meander of the APF and centred at approximately
49.5°S and 02°E (Strass et al. 2005). On the 10th of
February the centre of this eddy was marked with a
drifting buoy and an area of 150 km? around the buoy
was fertilized with seven tons of iron sulphate solution
(FeSO,). The first indication of algal response to iron
enrichment was a small but detectable increase in the
photosynthetic efficiency (F,/F,) after about 24 h
(Rottgers et al. 2005). On board measurements of in situ
phytoplankton F,/F, and later measurements of the
partial pressure of CO, (pCO») served as markers of the
fertilized patch. Sampling was carried out within the
eddy, inside and outside the fertilized patch throughout
the duration of the experiment (38 days).

Egg production experiments

Net samples from the upper 50 m of the water column
were taken with Bongo nets (100 um mesh size) around
dusk. Net catches were diluted in 20 1 of surface water.
Sub-samples were transferred to a Petri dish and sorted
under a binocular. For the egg production experiments,
healthy R. gigas females were handpicked individually
and transferred to 100 ml beakers filled with filtered
seawater. The females were incubated individually at in
situ temperature in the dark. Depending on how many
females were present in the net haul, 12-36 parallel
incubations were set up (Table 1). After 24 h, the fe-
males were removed from the beakers and eggs in the
beakers were counted immediately under the binocular.
For each station the average egg production rate was
derived using data from all incubations, including those
where females did not spawn.

Carbon mass (CM) analyses

Rhincalanus gigas females for carbon analysis were
handpicked from additional Bongo net catches (100 um
mesh size; 50-0 m). Females were kept in filtered sea-
water for 24 h before the carapace length was measured
under a binocular. Subsequently, animals were trans-
ferred individually onto pre-combusted GFF-filters and

stored at —80°C. Back on land, samples were dried
overnight at 60°C and analysed for carbon and nitrogen
on a C/N-Analyser (Carlo Erba NA-1500).

Maturation of the gonads

Zooplankton was sampled using a Mulitnet (100 um
mesh size) at five depth intervals: 400-160, 160-100,
100-50, 50-25 and 25-0 m, respectively. The samples
were preserved in buffered formaldehyde (4% final
concentration) and stored at 4°C until further analysis.
Between 40 and 60 R. gigas females from selected sta-
tions were examined to determine the stage of the
ovarian development. Stations were selected to give
good temporal coverage, irrespective of the time of the
day at capture. Gonad maturation stages can be estab-
lished from whole preserved specimens without staining
(Niehoff and Runge 2003) in copepods with transparent
carapaces. This is the case for female R. gigas. There-
fore, gonads of whole, unstained animals were studied
under a dissecting microscope and five developmental
stages (GS) were distinguished (Table 2; modified after
Niehoff and Hirche 1996; Niehoff and Runge 2003).

Results

Before fertilization near-surface (8 m depth) chlorophyll
a distribution in the eddy was patchy with concentra-
tions ranging from 0.5 up to 1.2 pg chlorophyll a 17"
During the course of the experiment samples outside the
fertilized patch showed high variability with chlorophyll
a values ranging from 0.3 pg 1=' up to about 1 pg 17"
Inside the fertilized patch, chlorophyll a concentrations
increased and maximum integrated values (0—100 m
depth) were found around day 30. Because of the patchy
chlorophyll a distribution within the eddy, clear differ-
ences between in-patch and out-patch values were not
observed until about day 10 after fertilization when in-
patch chlorophyll a concentrations exceeded those
found outside the fertilized patch. Throughout the
experiment the phytoplankton assemblage was domi-
nated by chain-forming (Chaetoceros spp., Fragilariopsis
kerguelensis, Pseudo-nitzschia spp.) and large single

Table 1 Mean (£ SE) egg

production rates (EPR) of Station 7 (day after Chl a n Mean EPR + SE

Rhincalanus gigas inside and fertilization)

outside the fertilized patch

(out). Station numbers are 424 0 0.76 20 0

given with corresponding 508 10 1.7 36 237 + 3.6

average chlorophyll « 513 15 1.97 12 28 + 8.1

concentrations over the upper 514 out 17 0.61 12 0

60 m of the water column 544 23 2.45 20 22 £ 54

(mg m_3). n number of 560 29 2.7 18 49.8 + 10

incubated females 561 out 29 1.02 20 03 £03
579 32 1.65 20 154 £ 453
593 36 2.05 15 8 + 48
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Table 2 Classification of the gonad developmental stage (GS) based on macroscopic criteria, modified for Rhincalanus gigas after Niehoff

and Hirche (1996) and Niehoff and Runge (2003)

Oocytes in the oviduct in several layers, all similar in size; ventral row with visible nucleus, but still transparent

GS'1 Oocytes present in the ovary; oviduct empty or only with single, transparent, small oocytes

GS 2 Transparent oocytes in the oviduct in one or maximal two layers

GS 3 Transparent oocytes in the oviduct in several layers; all oocytes similar in size; no nucleus visible
GS 3.5

GS 4

darker and with visible nucleus

Several rows of oocytes in the oviduct; oocytes increase in size in ventral direction, ventral row is larger,

celled diatoms (Thalassiothrix antarctica, Corethron in-
erme, Proboscia spp., Rhizosolenia spp.; P. Assmy, per-
sonal communication).

Temperature profiles taken inside and outside the
fertilized patch over the duration of the experiment
indicated that the mixed layer often extended down to
100 m, temperatures between 3.5 and 4.5°C were stable
within the nearly closed eddy circulation (V. Strass,
personal communication).

Egg production and CM analyses

Figure 1 shows the egg production rates of R. gigas over
the course of the experiment. First measurements were
conducted at the time of iron release and represent
conditions before fertilization. R. gigas did not produce
eggs at this time. Egg production and the proportion of
egg producing females increased significantly inside the
fertilized patch with increasing chlorophyll a concen-
trations (Table 1). At day 29 after fertilization an aver-
age of 50 eggs female™' day™' were produced, with
about 90% of the incubated females producing eggs.
The highest individual egg production rate (153 eggs
female ™' day~') was also observed at day 29 after fer-
tilization. Outside the fertilized patch, the number of egg
producing females as well as egg production rates re-
mained close to zero (Fig. 1, Table 1).

Carbon content of R. gigas varied considerably from
220 to 1,780 pg C female ' (Table 3). The mean carbon
content of the females did not change significantly over
the course of the fertilization experiment (ANOVA:
F =622, P = 0.067), although a slight increase in
carbon content was observed.

Maturation of the gonads

The proportion of females in the different gonad devel-
opmental stages (GS 1-GS 4) is shown in Fig. 2. The
corresponding integrated chlorophyll a values for the
upper 100 m of the water column are indicated. Until
day 12 after fertilization, females in all GS were present
in changing proportions with no significant difference
between in- and out-patch stations. From day 16 on,
about 90% of the R. gigas females were in GS 4 at all in-
patch stations. In the out-patch stations the relative
contribution of GS 4 females remained low (about
10%).

Discussion

Several studies have examined the relationship between
reproduction of R. gigas and chlorophyll ¢ as an indi-
cator of food availability. Published results show high
variability in the correlation between egg production
rates and surface chlorophyll levels (Ward and Shreeve
1995; Ward et al. 1996; Shreeve et al. 2002). However,
although chlorophyll a concentration may represent
actual food availability it does not give information on
past feeding conditions or food quality. Hence, inter-
pretation of the correlation found in previous studies
can be problematic. The EIFEX cruise presented an
unique opportunity to study the complete build up of a
phytoplankton bloom with the corresponding repro-
ductive response of the copepods investigated.

Egg production in relation to food

Although maturing females require food supply for
oocyte maturation and egg production, some studies have
shown that temperature rather than food controls egg
production rates for different species (e.g. Kiorboe et al.
1988; White and Roman 1992). Our survey of the
reproductive response of copepods within an iron fertil-
ized patch and non-fertilized water in a nearly closed eddy
allows us to separate the temperature effect from that of
food supply. Temperature changes were only minor
during the experiment (= 1°C) and the temperature field
was the same within the eddy. During the present study,
females started to produce eggs within the fertilized patch
and egg production rate increased concurrent with
increasing chlorophyll a concentrations (Fig. la). In
contrast, at the two out-patch stations where female
R. gigas could be obtained for egg production experi-
ments, chlorophyll a values and egg production remained
low (Table 1, Fig. 1a). The average egg production of
R. gigas during the course of the experiment showed a
significant positive relationship with chlorophyll ¢ con-
centrations (> = 0.714; P < 0.005; Fig. 1b). Although
the present study was a Lagrangian experiment, some of
the R. gigas sampled may have just recently turned into
adult females or immigrated into the patch (S. Kragefsky,
unpublished data). Both factors could affect the correla-
tion between egg production rates and chlorophyll a, and
may lead to the relatively high variability observed
between and within each station (Fig. 1b).
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Fig. 1 Mean (£ SE) egg production rates (EPR) of Rhincalanus
gigas after iron fertilization, a inside the fertilized patch (black
circles) and outside the fertilized patch (black triangles), with
corresponding average chlorophyll @ concentrations over the upper
60 m of the water column (grey symbols). b Mean (+ SE) egg
production rates (EPR) of Rhincalanus gigas in relation to the
average chlorophyll @ concentration (0-60 m). Regression line
fitted (P < 0.005)

In this study we found no saturation level for egg
production rate as a function of chlorophyll a. It is
therefore possible that with even higher chlorophyll a
the egg production rate may exceed the maximum of
~50 eggs female ' day~'. Indeed, the highest daily egg
production rate by a single female was 153 eggs
female ' day ™!, exceeding the number of ripe
eggs counted in preserved females with full oviducts.

Consequently, under conditions of abundant food sup-
ply, the spawning cycle may take even less than 24 h.
This has also been observed for another Antarctic
copepod species, Calanoides acutus, during a study in
Gerlache Strait (Lopez et al. 1993). Assuming a carbon
content of 420 ng C per egg (Ward and Shreeve 1999)
and an egg production rate of 153 eggs female ™' day ',
this corresponds to a daily rate of 5-11% of measured
body carbon for day 29 after fertilization. The high
variability in the carbon content of adult females found
in this study is within the range given by Shreeve et al.
(2002; 288-1,791 pg C female™!). Given the high vari-
ability of results and the small amount of samples
analysed, no significant changes in body carbon could be
found during this study.

Gonad maturation with increasing chlorophyll
a concentration

Different gonad stages for R. gigas were already de-
scribed and illustrated by Ommanney (1936). Similar to
the increase in egg production rates, gonad maturation
took place concurrent with increasing chlorophyll «
concentrations (Fig. 2). Females in GS 4 were also
found at the beginning of the fertilization experiment
and at the out-patch stations which may indicate
favourable past feeding conditions for these animals.
Consequently, no significant differences between the
stages of gonad development between in- and out-patch
were found until day 12 (Fig. 2). In contrast, the out-
patch station at day 17 after fertilization and all fol-
lowing days show significant differences in R. gigas go-
nad development compared to the in-patch stations
where almost all females were found in GS 4. The fact
that all other GS stages were more or less absent in the
in-patch stations after day 17, show that it took at most
1 week for R. gigas to use the increasing food avail-
ability during the present study for the completion of the
gonad maturation.

The reproductive flexibility of R. gigas depending on
food conditions, as shown in this study, can be seen as a
behavioural response to the episodic and patchy food
supply in the Southern Ocean environment.

Table 3 Carbon and nitrogen analyses of Rhincalanus gigas females during the European iron fertilization experiment (EIFEX)

Station t Carapax length (um) CM (ng) C:N n

424 0 7,140 (6,720-7,600) 245 (220-267) 3.97 (3.71-4.16) 4
508 10 7,965 (6,743-10,600) 1,034 (636-1,656) 4.89 (2.67-6.79) 23
513 16 7,400 (6,560-8,080) 790 (352-1,780) 6.43 (4.2-9.46) 45
514 out 17 7,300 (6,975-7,518) 760 (519-1,083) 4.38 (3.17-5.95) S
544 22 6,975 (6,433-7,363) 847 (657-906) 4.82 (4.25-5.73) 6
560 29 7,380 (7,200-7,500) 877 (576-1,218) 4.77 (3.62-5.62) 5
579 33 7,392 (6,975-7,750) 1,102 (899-1,399) 5.13 (4.56-5.73) 8

Mean values of the carapace length, carbon mass (CM) and carbon to nitrogen mass ratio (C:N) are shown, with their range in

parentheses

n number of analysed individuals, z number of days after the first iron addition
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