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Abstract

The response of heterotrophic bacteria (Bacteria and Archaea) to the spring phytoplankton bloom that occurs annually above the

Kerguelen Plateau (Southern Ocean) due to natural iron fertilization was investigated during the KErguelen Ocean and Plateau

compared Study (KEOPS) cruise in January–February 2005. In surface waters (upper 100m) in the core of the phytoplankton bloom,

heterotrophic bacteria were, on an average, 3-fold more abundant and revealed rates of production ([3H] leucine incorporation) and

respiration (o0.8mm size fraction) that exceeded those in surrounding high-nutrient low-chlorophyll (HNLC) waters by factors of 6 and

5, respectively. These differences in bacterial metabolic activities were attributable to high-nucleic-acid-containing cells that dominated

(E80% of total cell abundance) the heterotrophic bacterial community associated with the phytoplankton bloom. Bacterial growth

efficiencies varied between 14% and 20% inside the bloom and were o10% in HNLC waters. Results from bottle-incubation

experiments performed at the bloom station indicated that iron had no direct but an indirect effect on heterotrophic bacterial activity,

due to the stimulation by phytoplankton-derived dissolved organic matter. Within the Kerguelen bloom, bacterial carbon demand

accounted for roughly 45% of gross community production. These results indicate that heterotrophic bacteria processed a significant

portion of primary production, with most of it being rapidly respired.

r 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Plankton respiration constrains the part of photosynthe-
tically fixed carbon available for export to the ocean’s
interior. Bacteria (heterotrophic Bacteria and Archaea)
account for a major part of plankton community respira-
tion in the coastal and open ocean (E60%; Robinson and
e front matter r 2008 Elsevier Ltd. All rights reserved.
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Williams, 2005). Bacterial respiration of organic matter
clearly dominates its incorporation into bacterial biomass,
with most of the reported bacterial growth efficiencies
(BGEs) varying between 5% and 30% (Del Giorgio and
Cole, 2000). Bacterial heterotrophic production is tightly
linked to local primary production across marine ecosys-
tems (Cole et al., 1988; Ducklow, 2000); by contrast, the
spatial and temporal variability in bacterial respiration
is far less known. This lack of bacterial respiration
rates renders present estimates of the portion of pri-
mary production passing through heterotrophic bacteria
uncertain.
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In low-latitude marine environments, the close coupling
between bacterial heterotrophic production and phyto-
plankton primary production appears to be less well-
established, in particular during phytoplankton bloom
events (Pomeroy and Deibel, 1986; Karl, 1993; Bird and
Karl, 1999). The small and slow response of heterotrophic
bacterial biomass production during phytoplankton
blooms has been attributed to the low bioreactivity of
dissolved organic matter (DOM; Billen and Becquevort,
1991), organic matter limitation (Carlson et al., 1998) or a
higher sensitivity of heterotrophic bacteria than phyto-
plankton to low temperatures (Pomeroy and Deibel, 1986).
A similar conclusion was drawn from results obtained
during a mesocosm study performed in coastal Antarctic
waters (Duarte et al., 2005). These authors attributed the
weak coupling between bacteria and phytoplankton pre-
dominantly to the high growth rates of protists in cold
waters resulting in a tight control of bacterial biomass
production (Duarte et al., 2005). An idea that emerged
from these studies is that during phytoplankton blooms in
low-latitude marine environments the microbial food web
is of minor importance due to the dominance of the
classical food web.

The Southern Ocean represents the largest high-nutrient
low-chlorophyll (HNLC) area in the global ocean (Sar-
miento et al., 1998). Small- and mesoscale enrichment
experiments have clearly identified iron as the primary
limiting nutrient for phytoplankton growth (Boyd et al.,
2000; Gervais et al., 2002; Coale et al., 2004). The intense
phytoplankton blooms induced upon mesoscale iron
addition to surface waters of the Southern Ocean were
accompanied by much lower increases in heterotrophic
bacterial abundance and production (Hall and Safi, 2001;
Arrieta et al., 2004; Oliver et al., 2004). This lends support
to the hypothesis of a weak coupling between phytoplank-
ton and bacterial heterotrophic activity in low-temperature
regions, suggesting a minor contribution of heterotrophic
bacteria to the transformation of DOM from marine
primary production.

The KErguelen Ocean and Plateau compared Study
(KEOPS) cruise was designed to study the impact of
natural iron fertilization on biogeochemical cycles in the
Southern Ocean. Continuous supply of low quantities of
iron and major nutrients above the Kerguelen Plateau
sustained a massive phytoplankton bloom over roughly
three months (Blain et al., 2007). The associated auto-
trophic (Armand et al., this issue) and heterotrophic
(Christaki et al., this issue; Carlotti et al., this issue)
communities revealed distinct features compared to those
observed during short-term (weeks) mesoscale fertiliza-
tions. These features are likely related to the later
successional stage of the Kerguelen bloom during the
KEOPS-cruise (third month) with potentially important
consequences for the cycling of carbon and nutrients.

Within the Kerguelen bloom, heterotrophic bacteria
were more abundant and revealed substantially higher
rates of production and respiration than in surrounding
HNLC waters. Roughly 45% of gross primary production
was processed by heterotrophic bacteria, with most of it
(�80%) being rapidly respired.

2. Material and methods

2.1. Study sites

The data reported here were collected at three study sites
located above (Stations A3 and B5) and off the Kerguelen
Plateau (Station C11), southeast of Kerguelen Island, in
the Indian sector of the Southern Ocean (Fig. 1). Above the
Kerguelen Plateau, one station (A3) was situated in the
center of an intense phytoplankton bloom (Blain et al.,
2007). Composite of MODIS and MERIS satellite images
indicated the onset of this bloom roughly 2 months prior to
the start of the KEOPS-cruise (January 19–February 13,
2005) and its collapse end of February. Station A3 was
visited five times during the cruise, following the bloom
from its peak to its decline. The parameters presented
herein were determined during the first (A3-1), third
(A3-3), fourth (A3-4) and fifth (A3-5) visits (Table 1),
except for bacterial respiration (see the following text),
which was not measured at Station A3-1. Station B5 was
also located above the plateau roughly 100 nautical miles
SE of Station A3 (Fig. 1). Based on composite of MODIS
and MERIS satellite images received daily aboard the
cruise vessel, we observed that surface chlorophyll a

concentrations were low at Station B5 at the beginning of
the cruise, and they increased over a time period of roughly
one week to concentrations similar to those at Station A3
(Mongin et al., this issue) (Fig. 2). This increase in
chlorophyll a concentrations at Station B5 was likely
attributable to a pulsed phytoplankton bloom event just
prior to the occupation of this site. Off the Kerguelen
Plateau, one station (C11) representative of HNLC waters
was sampled (Fig. 2).
Dissolved iron (DFe) concentrations were in the low

nanomolar range (E0.1 nM) in surface waters on and off
the plateau, but DFe increased rapidly with depth above
the Kerguelen Plateau (Blain et al., this issue). The strong
vertical DFe gradient and enhanced vertical mixing (Park
et al., this issue) accounted for the on-going supply of iron
from deep waters to surface waters above the plateau.
Concentrations of major nutrients (22–30 mM for NO�3 and
1.4–2.1 mM for PO3�

4 ) were in the same range in the wind-
mixed layer of the stations above and off the plateau
(Mosseri et al., this issue). By contrast, silicate concentra-
tions were by a factor of 10 higher in HNLC waters
(25 mM) than above the Kerguelen Plateau (2 mM) (Mosseri
et al., this issue). During the first visit to Station A3,
concentrations of chlorophyll a in the upper 100m were
8-fold higher than at Station C11 (Table 1; Uitz et al.,
under revision).
Collection of seawater for the parameters presented

herein was done with General Oceanics 12-L Niskin
bottles mounted on a rosette equipped with a SeaBird
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Table 1

Brief description of the study sites

Station Date Depth (m) MLD (m)a Temperature MLD (1C) Chlorophyll a (mgL�1)b

A3-1 19 January 527 52712 3.5 1.670.5

A3-3 24 January 527 51714 3.7 1.470.6

A3-4 4 February 527 79720 3.6 1.570.1

A3-5 12 February 527 84719 3.9 1.070.1

B5 2 February 527 84716 2.8 1.770.1

C11 26 January 2500 73713 2 0.270.1

MLD: wind-mixed layer.
aThe wind-mixed layer is the mean7SD of all CTD casts performed during the occupation of the stations. The wind-mixed layer is based on a difference

in sigma of 0.02 to the surface value.
bValues are based on HPLC analysis (Uitz et al., under revision). Mean values7SD for the upper 100m are given.
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Fig. 1. Bathymetry of the Kerguelen Plateau with sampled Stations A3, B5 and C11 indicated by large dots. Small dots refer to the three transects carried

out during the KEOPS-cruise.
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SBE19+ CTD. Seawater samples were transferred to
polycarbonate (PC) bottles that were thoroughly rinsed
with HCl (1%) and Milli-Q water before use.

2.2. Bacterial respiration and bacterial growth efficiency

(BGE)

Rates of bacterial respiration were determined from
changes in the dissolved oxygen (O2) concentration during
dark incubations of size-fractionated (Stations A3 and B5)
and unfiltered seawater (Station C11). Seawater was
collected at five or six depths in the upper 100m and for
size-fractionation experiments passed through 0.8-mm
polycarbonate filters (142mm diameter, Poretics) using
gravity-driven, reverse-flow filtration systems (Blight et al.,
1995). The filtration system was thoroughly rinsed with
sample water prior to collection of the o0.8-mm size
fraction. The biological oxygen demand (BOD) bottles
(125mL) were filled by siphoning, using silicon tubing.
During the dark incubation (24 h), the BOD bottles were
placed in an outdoor incubator supplied with running
seawater to maintain in situ temperature. All measurements
were performed in quadruplicate. Bacterial respiration was
calculated as the difference between initial and final O2

concentrations as determined by Winkler titration of whole
bottles. Titration was done using a PC-based system with a
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Fig. 2. Depth profiles of temperature (thin line) and chlorophyll a (thick line) at Stations A3-3, B5 and C11. Chlorophyll a values are derived from in situ

fluorescence.
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photometric endpoint detector (Williams and Jenkinson,
1982). For the data presented herein, the mean standard
error and coefficient of variation of the measurements
of the oxygen concentration performed prior and follow-
ing the 24-h dark incubation were 0.11 mmol O2L

�1

(0.037%, n ¼ 26) and 0.14 mmol O2L
�1 (0.042%, n ¼ 26),

respectively.
To determine the BGE, bacterial production (BP; see the

following text) was measured in 0.8-mm filtered water prior
to and following the 24-h incubation in BOD bottles as
described earlier. In the course of the 24-h dark incubation,
significant increases in bacterial production (by 109737%,
n ¼ 5) were detectable only at Station A3-3. BGE was
subsequently determined from bacterial respiration and the
mean value of bacterial production determined prior and
following the 24-h incubation of the o0.8-mm size fraction.
To convert the O2 utilization rates into units of carbon, we
applied respiratory quotients (RQ ¼ CO2 produced/O2

utilized) determined by concurrent measurements of O2

and TCO2 rates of dark community respiration of the
respective study sites (Lefèvre et al., this issue). For Station
A3, RQ were 0.89, 0.83 and 1.03 for the third, fourth and fifth
visits, respectively. At Stations C11 and B5, we applied the
mean RQ determined for all visits at Station A3 (RQ ¼ 1).
The standard error (SE) for the BGE was calculated as
SEBGE ¼ (R2

�SEP
2+P2

� SER
2 )/(P+R)�2, where SEP and

SER are the standard errors of the bacterial production (P)
and respiration (R) measurements, respectively.

2.3. Bacterial production measurement

Bacterial production (BP) was determined by [3H]
leucine incorporation applying the centrifugation method
(Smith and Azam, 1992). Briefly, 1.5-mL samples were
incubated with a mixture of [4,5-3H]leucine (Amersham,
specific activity 160Cimmol�1) and nonradioactive leucine
at final concentrations of 7 and 13 nM, respectively.
Samples were incubated in the dark at the respective
in situ temperatures for 2–3 h. Linearity of leucine
incorporation over this time period was tested at the three
stations. Incubations were terminated by the addition of
trichloroacetic acid (TCA; Sigma) to a final concentration
of 5%. To facilitate the precipitation of proteins, bovine
serum albumine (BSA; Sigma, 100mgL�1 final concentra-
tion) was added prior to centrifugation at 16,000g for
10min (Van Wambeke et al., 2002). After discarding the
supernatant, 1.5mL of 5% TCA was added and the
samples were subsequently vigorously shaken on a vortex
and centrifuged again. The supernatant was discarded and
1.5mL of PCS liquid scintillation cocktail (Amersham) was
added. The radioactivity incorporated into bacterial cells
was counted in a Packard LS 1600 Liquid Scintillation
Counter. A factor of 1.55 kgCmol leucine�1 was used to
convert the incorporation of leucine to carbon equivalents,
assuming no isotope dilution (Kirchman, 1993). Indeed,
isotopic dilution ranged from 1.0 to 1.3 as determined on
three occasions using a kinetic approach. Daily BP was
calculated as 24 times the hourly rates.

2.4. Flow cytometric analysis of heterotrophic bacteria

For enumeration of heterotrophic bacteria, 3-mL sub-
samples of raw seawater were fixed with 2% formaldehyde
(final concentration), stored in the dark at room tempera-
ture for 30min, and quick frozen in liquid nitrogen. Samples
were stored at 80 1C until analysis. A FACScalibur flow
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cytometer (Becton Dickinson, San Jose, CA) equipped with
a 488-nm, 15-mW Argon laser was used for all flow
cytometric analysis (Lebaron et al., 2001a). After thawing,
samples were stained with the nucleic acid stain SYBR
Green-I (0.025% (v/v) final concentration, Molecular
Probes). Stained bacteria were excited at 488 nm wave-
length and discriminated according to their right angle-
light scatter (SSC; related to cell size) and green fluores-
cence at 530730 nm (FL1). The comparison between green
and red fluorescence (FL3 670 nm) allowed discriminating
the photosynthetic from nonphotosynthetic prokaryotes.
The red fluorescence was subsequently eliminated for all
cytogram analyses. Fluorescent beads (diameter, 1.002 mm;
Polysciences Europe) were systematically added to each
sample to normalize cell fluorescence and light scatter
values. To determine the flow rate, a 1-mL subsample was
transferred to a 12� 75mm plastic tube that was weighed
before and after sample analysis during a defined time
(generally 1min). The flow rate was determined several
times during the analysis session. Regions were established
on cytogram plots of side scatter versus green fluorescence
to define high nucleic acid (HNA) and low nucleic acid
(LNA) cells. To convert bacterial abundance to bacterial
biomass, we applied a conversion factor of 12.4 fgC cell�1

(Fukuda et al., 1998).

2.5. Iron-enrichment experiments

To determine the role of DFe for bacterial heterotrophic
activity above the Kerguelen Plateau, bottle-incubation
experiments were performed at Station A3-4. Seawater was
collected at 30m using Goflo-bottles and transferred to a
clean laboratory. Unfiltered seawater was subsequently
distributed to 4-L PC bottles and amended with FeCl3
(1 nM final concentration). Unamended seawater incuba-
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Fig. 3. Abundance of low (LNA) (A) and high nucleic acid (HNA) (B) cells with

HNLC-site C11.
tions served as control. For each treatment, duplicate
incubations were placed in an outdoor incubator at 50%
surface solar radiation, representing the intensity of
photosynthetic active radiation (PAR) at 7m at A3-4.
The incubations were kept at surface-water temperature by
a running seawater system. The duration of the incubation
was 9 d, and every 3 d bacterial heterotrophic production
and abundance and the concentration of chlorophyll a

were determined in duplicate PC bottles of each DFe and
the control treatments. Concentrations of chlorophyll a

were determined aboard according to Raimbault et al.
(1988) using a Turner Design fluorometer (TD Fluorom-
eter 10.005R).

3. Results

3.1. Heterotrophic bacterial abundance and contribution of

high nucleic acid cells

Heterotrophic bacteria were homogenously distributed
in the upper 100m, except for the third occupation of
Station A3 (A3-3) where abundances peaked between 50
and 150m (Fig. 3). Mean (7SD) cell abundances in the
upper 100m were 671� 108 cells L�1 (n ¼ 5) at Station
A3-3, 3.670.2� 108 cells L�1 (n ¼ 6) at Station B5 and
2.370.2� 108 cells L�1 (n ¼ 6) at Station C11. During the
visits A3-1, A3-4 and A3-5, mean heterotrophic bacterial
abundances for the upper 100m varied between 4.3 and
5.5� 108 cells L�1. Flow cytometric analysis revealed that
HNA cells dominated the heterotrophic bacterial commu-
nity above the Kerguelen Plateau, with relative contribu-
tions of HNA cells amounting to 8173% (n ¼ 5) and
6471% (n ¼ 6) at Stations A3-3 and B5, respectively. At
Station A3, the percent contribution of HNA cells
amounted to 8471% during the first visit and decreased
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slightly during the fourth (7572%, n ¼ 6) and fifth
(7571%, n ¼ 6) occupation. By contrast, HNA cells had
a substantially lower relative contribution in surface waters
at Station C11 (4874%, n ¼ 6). Interestingly, the percent
contribution of HNA cells increased below 100m at
Station C11 accounting for roughly 60% of total bacterial
abundance from 100 to 1000m (data not shown). In terms
of abundance, HNA cells were 5- and 2-fold, respectively,
higher at Stations A3-3 and B5 than at Station C11, while
abundances of LNA cells were similar in surface waters of
the three study sites (Fig. 3).
3.2. Heterotrophic bacterial production

As for heterotrophic bacterial abundance, bacterial
production was similar in the upper 100m (Fig. 4A) and
pronounced differences between the stations above the
Kerguelen Plateau and the HNLC-site were again detect-
able. Mean (7SD) rates of bacterial production at Stations
A3-3 (249723 nmolCL�1 d�1, n ¼ 6) and B5 (9676
nmolCL�1 d�1, n ¼ 6) were by factors of 6 and 2,
respectively, higher than at the HNLC-site C11
(4079 nmolCL�1 d�1, n ¼ 6). During the first visit at
A3, rates of bacterial production averaged 239765
nmolCL�1 d�1 (n ¼ 5), and they decreased to
9375 nmolCL�1 d�1 (n ¼ 6) and 127731 nmolCL�1 d�1

(n ¼ 6) at A3-4 and at A3-5, respectively. Cell-specific
bacterial production rates (mean7SD) were 0.4170.1 and
0.2770.02 fmol C cell�1 d�1 at Stations A3-3 and B5,
respectively, and amounted to 0.1770.03 fmolC cell�1 d�1
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Fig. 4. Bacterial heterotrophic production (A) (mean values7percent vari

quadruplicate incubations) in surface waters above the Kerguelen Plateau (Sta

profile of bacterial respiration is shown for Station A3.
at Station C11 (Table 2). Above the Kerguelen Plateau,
heterotrophic bacterial production was significantly corre-
lated with the abundance of HNA cells (r2 ¼ 0.761, n ¼ 52,
p ¼ 0.0001), suggesting that predominantly HNA cells
accounted for the high bacterial production at the bloom
stations.
Growth rates of heterotrophic bacteria, determined by

dividing bacterial production by cell biomass, varied
between 0.4070.1 d�1 at Station A3-3 and 0.2670.02 d�1

at Station B5 and growth rates amounted to 0.1770.03 d�1

at the HNLC-site C11 (Table 2).
3.3. Heterotrophic bacterial respiration and

growth efficiency

Bacterial respiration was more variable throughout the
upper 100m (Fig. 4B), with highest respiration rates in
the wind-mixed layer at Stations A3-3 (51m, mean
0.970.4 mmolCL�1 d�1, n ¼ 5) and B5 (84m, mean
0.870.4 mmolCL�1 d�1, n ¼ 4). At Station A3, respiration
rates in the upper 100m were lower during the fourth
(mean 0.370.2 mmolCL�1 d�1, n ¼ 5) and fifth (mean
0.370.1 mmolCL�1 d�1, n ¼ 5) visits. At the HNLC-site
C11, bulk respiration rates averaged 0.370.1 mmol
CL�1 d�1 (n ¼ 6) in the upper 100m. In contrast to
bacterial production, no relationship between bacterial
respiration and the abundance of HNA cells was detect-
able. Average cell-specific respiration rates in the upper
100m were similar among Stations A3-3 (1.47
0.7 fmol C cell�1 d�1), B5 (1.971.3 fmol C cell�1 d�1) and
Bacterial Respiration (µmol C L-1 d-1)
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ation of duplicate samples) and respiration (B) (mean values7SE of

tions A3 and B5) and at the HNLC-site C11. For clarity, only one depth
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Table 2

Cell-specific bacterial heterotrophic production and growth rates, and cell-specific respiration rates in surface waters above the Kerguelen Plateau and at

the HNLC-site

Station Kerguelen Plateau HNLC

A3-1 A3-3 A3-4 A3-5 B5 C11

Cell-specific bacterial

production

(fmolC cell�1 d�1)

0.4870.1 (n ¼ 5) 0.4170.1 (n ¼ 5) 0.2270.02 (n ¼ 6) 0.2370.04 (n ¼ 6) 0.2770.02 (n ¼ 6) 0.1770.03 (n ¼ 6)

m (d�1) 0.4770.1 (n ¼ 5) 0.4070.1 (n ¼ 5) 0.2170.02 (n ¼ 6) 0.2270.04 (n ¼ 6) 0.2670.02 (n ¼ 6) 0.1770.03 (n ¼ 6)

Cell-specific bacterial

respiration

(fmolC cell�1 d�1)

n.d. 1.470.7 (n ¼ 5) 0.770.4 (n ¼ 5) 0.570.2 (n ¼ 5) 1.971.3 (n ¼ 5) 1.570.2 (n ¼ 6)

Mean values7SD of the upper 100m are given.

Table 3

Bacterial growth efficiencies (BGE)

Station Depth (m) BGE (%)

A3-3 10 2473

20 3276

30 1475

40 1472

60 1575

A3-4 20 22713a

40 2176

60 1375

80 1973

100 872

A3-5 10 19714a

20 1676

40 774

60 1876

100 1271

B5 20 471

40 270.3

50 1273

60 973

100 976a

C11 20 473a

30 975a

50 873

70 971

100 170.6

Mean values7SE of bacterial production and respiration rates are given.
aThe standard error of the respiration measurement is more than twice

the respiration rate.
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C11 (1.570.2 fmol C cell�1 d�1) and substantially lower at
Station A3-5 (0.570.2 fmol C cell�1 d�1) (Table 2).

The variability in the bacterial respiration was also
reflected in the BGEs. Overall, BGE in the upper 100m
revealed slightly higher values at A3-3 (mean 2078%,
n ¼ 5) than at A3-4 (mean 1776%, n ¼ 5) and at A3-5
(1475%, n ¼ 5) (Table 3). By contrast, BGEs were
substantially lower at Station B5 (774%, n ¼ 5) and at
Station C11 (673%, n ¼ 5) (Table 3).
3.4. Iron-enrichment experiments

Addition of DFe to unfiltered seawater collected in
surface waters (30m) at A3-4 had no effect on bacterial
heterotrophic production during the first 6 d of incubation
at 50% surface solar radiation (Fig. 5). At day 9 of the
incubation, however, bacterial production was by a factor
of 5 higher in the DFe treatment as compared to the
unamended control. Similarly, bacterial abundance was
not significantly different in the DFe treatment during the
first 6 d of the incubation (data not shown). At day 9,
bacterial abundance was 2.2-fold higher in the DFe
treatment as compared to the unamended control. By
contrast, phytoplankton biomass production rapidly re-
sponded to DFe addition. Concentrations of chlorophyll a

were 1.5- and 2.6-fold higher in the DFe treatment as
compared to the unamended control after 3 and 6 d of
incubation, respectively.

4. Discussion

We observed a firm response of heterotrophic bacteria to
a phytoplankton bloom induced by natural iron fertiliza-
tion in the Southern Ocean by substantial increases in
biomass production and respiration as compared to
surrounding HNLC waters. These differences in the
metabolic activities were mainly attributable to HNA-
containing cells that dominated the bacterioplankton
community associated with the phytoplankton bloom.

4.1. Comparison to mesoscale Fe-fertilization experiments

Heterotrophic bacterial activity within the Kerguelen
bloom exhibited a clear temporal trend, with higher
metabolic rates during the first and third occupations in
January than during the fourth and fifth visits in February.
This change over time is most likely related to the onset of
the decline of the phytoplankton bloom, as indicated by
pronounced decreases in chlorophyll a concentrations
(Table 1), biogenic silica production (Mosseri et al., this
issue), and rates of specific gross community production
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production (BP) (B) in seawater amended with FeCl3 (+Fe) and control

treatments (control). All incubations were performed at 50% surface solar

radiation. Mean values7percent variation of duplicate experiments

performed at Station A3-4 are given.
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(Lefèvre et al., this issue) during the last visit to Station A3.
During the first visits in January, the enrichments in
heterotrophic bacterial abundance (E3-fold) and produc-
tion (E6-fold) within the Kerguelen bloom as compared to
HNLC waters are well above those observed during
previous mesoscale iron-addition experiments (Table 4).
In terms of heterotrophic bacterial abundance, previous
studies report no enhancement (Hall and Safi, 2001) or an
increase varying between 1.5- and 2-fold within iron-
fertilized patches (Cochlan, 2001; Arrieta et al., 2004;
Oliver et al., 2004; Suzuki et al., 2005) (Table 4). Rates of
bacterial heterotrophic production exceeded within all
previous iron-fertilized patches those in surrounding waters
by factors of 2–3 (Cochlan, 2001; Hall and Safi, 2001;
Arrieta et al., 2004; Oliver et al., 2004) (Table 4).
Interestingly, heterotrophic bacterial growth rates above
the Kerguelen Plateau (0.2–0.5 d�1) (Table 2) are similar to
those determined previously within iron-fertilized patches
(0.1–0.4; Cochlan, 2001; Oliver et al., 2004), except for the
particularly high growth rates (0.4–1.5 d�1) reported during
SOIREE (Hall and Safi, 2001). This suggests that the
turnover of a higher bacterial biomass distinguishes
bacterial dynamics above the Kerguelen Plateau from that
of mesoscale fertilization experiments.

4.2. What stimulates heterotrophic bacterial activity above

the Kerguelen Plateau?

The continuous supply of low quantities of iron and
major nutrients from below resulting in a 3-month
phytoplankton bloom represents the major difference
between the Kerguelen Plateau and mesoscale iron addi-
tions. Our observations of the response of heterotrophic
bacteria to the phytoplankton bloom induced by this mode
of natural fertilization are from the third month of the
Kerguelen bloom, probably an important aspect to be
considered for the comparison to mesoscale iron fertiliza-
tions occurring on shorter time scales (up to 40 days;
Table 4). Lancelot et al. (1989) suggested a time lag
between phytoplankton and heterotrophic bacteria of
about 1 month to be characteristic for the Southern Ocean.
Due to the later successional stage of the Kerguelen bloom
compared to blooms induced by mesoscale iron addition,
the associated food web structure revealed distinct features
with a potentially important feedback on bacterial hetero-
trophic activity.
Above the Kerguelen Plateau, the plankton community

rapidly utilized iron transported to surface waters as
indicated by the low in situ DFe concentrations (Blain
et al., this issue). Based on the high cellular iron quota of
heterotrophic bacteria as compared to phytoplankton as
revealed by Fe:C ratios in excess by 1.5–2 fold (Tortell
et al., 1996), iron has been suggested to be an important
factor in controlling heterotrophic bacterial activity in
HNLC waters. Most dissolved iron (DFe490%) is present
in organically complexed form (Rue and Bruland, 1997)
and iron-binding ligands (known as siderophores) facilitate
the acquisition of this iron pool (Granger and Price, 1999).
A recent study using a bacterial bioreporter suggests that at
least some heterotrophic bacteria could have high-affinity
systems to scavenge this organically bound iron (Mioni
et al., 2005). These authors observed that Pseudomonas

putida, a halotolerant isolate, responded faster to subtle
increases in the ambient DFe pool (by 0.04 nM) than did
the inherent phytoplankton community. Mioni et al. (2005)
attributed this to a higher biological availability of the
dissolved iron pool to heterotrophic bacteria than to
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Table 4

Comparison of bacterial parameters following natural and mesoscale iron fertilization

Temperature (1C) Duration of

fertilization (d)

Bacterial abundance

(� 108 cells L�1)

Bacterial production

(mgCL�1 d�1)

Reference

Outside Inside Outside Inside

Southern Ocean

KEOPS (501S, 721E) 3–4 E60 2 6 0.5 1.1–3 This study

EisenEx (481S, 211E) 3–4 22 3–4 2–6 0.2–0.5 0.2–1 Arrieta et al. (2004)

SOIREE (611S, 1401E) 2 13 2–4 2–4 o 0.5 0.4–1.1 Hall and Safi (2001)

SOFEX-North (561S, 1721W) 7 40 4–5 7–10 0.2 0.4 Oliver et al. (2004)

SOFEX-South (661S, 1711W) �1 22 3 3–5 0.2 0.2–0.3 Oliver et al. (2004)

Subarctic Pacific

SEEDS (491N, 1651E) 6–9 13 5 8 n.d. n.d. Suzuki et al. (2005)

Equatorial Pacific

IronEx II (51S, 1051W) 25 14 7 11 2–3 2–8 Cochlan (2001)

Ranges of bacterial abundance and production are given for the wind-mixed layer of the respective study. All rates of bacterial production are derived

from [3H]leucine incorporation, except for Hall and Safi (2001) who applied [3H]thymidine incorporation. Outside: values reported for HNLC waters;

inside: values reported for iron-fertilized patches.
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phytoplankton. This finding is coherent with shipboard
experiments demonstrating that carbon is the primary
limiting factor for heterotrophic bacterial growth in low-
iron waters (Church et al., 2000; Kirchman et al., 2000),
while only one study reports direct iron-limitation of
heterotrophic bacteria in coastal Antarctic waters (Pakuls-
ki et al., 1996). Above the Kerguelen Plateau, addition of
1 nM FeCl3 to surface waters did not stimulate bacterial
production, while phytoplankton biomass rapidly in-
creased (Fig. 5). The observed time lag between the
increase in bacterial production behind that in phytoplank-
ton biomass in the experiments performed in the present
study supports the idea that above the Kerguelen Plateau
heterotrophic bacteria were primarily stimulated by phy-
toplankton-derived DOM.

The more pronounced response of heterotrophic bacteria
to the Kerguelen bloom as compared to mesoscale iron-
fertilization experiments could be related to the chemical
composition and the supply rate of DOM. Previous iron-
fertilization experiments have not directly addressed this
issue, and in the present study the BGE is the only estimate
of these DOM characteristics. The BGEs determined
within the Kerguelen bloom (14–20%) are in the lower
range of values reported for surface waters of the Antarctic
Polar Front (26–30%; Kähler et al., 1997) and for coastal
Antarctic waters (9–38%; Bjørnsen and Kuparinen, 1991;
Carlson et al., 1999). This suggests no major differences in
the availability and bioreactivity of DOM produced during
the Kerguelen bloom and other Southern Ocean phyto-
plankton blooms. The lower BGEs determined at Station
C11 (E6%, Table 3) indicate, however, that the
quality and the supply rate of DOM were different at the
HNLC-site.

Diatoms were the major phytoplankton biomass con-
tributors above the Kerguelen Plateau and during most
previous mesoscale iron fertilizations in the Southern
Ocean (Armand et al., this issue; and references therein).
The mechanisms that lead to DOM production could,
however, have been different during KEOPS, as it was the
only study where substantial mesozooplankton biomass
and activity were observed (Carlotti et al., this issue). The
additional supply of DOM by so-called ‘‘sloppy feeding’’
could have contributed to the enhancement of bacterial
heterotrophic activity above the Kerguelen Plateau, sug-
gesting that classical food web processes sustained a part of
the microbial food web. An interesting feature observed
within the Kerguelen bloom was that bacterial biomass
production was predominantly controlled by viral lysis,
while grazing of bacteria by heterotrophic nanoflagellates
was of minor importance (Christaki et al., this issue; Malits
and Weinbauer, unpublished data). Viral lysis of bacterial
cells results mainly in the production of DOM that
eventually will become available to heterotrophic bacteria.
This viral loop enhances the cycling of carbon within the
microbial loop and could have further stimulated bacterial
activity above the Kerguelen Plateau. The bacterial
community structure associated with the Kerguelen bloom
revealed distinct differences compared to that in surround-
ing HNLC waters (West et al., 2008). Thus, the marked
response in bulk characteristics such as bacterial produc-
tion and respiration also could reflect the presence of a
bacterial community that is well adapted to the environ-
mental conditions above the Kerguelen Plateau, in
particular to the DOM composition. The difference in
the bacterial response to the Kerguelen bloom as compared
to mesoscale iron additions is therefore most likely
attributable to the continuous input of iron and major
nutrients above the Kerguelen Plateau, the extent and
duration of the phytoplankton bloom, and the DOM
production that results thereof.
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4.3. Linking bacterial activity to high nucleic acid cells

A particular feature of the bacterial community above
the Kerguelen Plateau was the dominance of HNA cells
(E80% of total cell abundance). By contrast, at Station
C11 the fraction of HNA cells never exceeded 50% of total
bacterial abundance. The relative contribution of HNA
cells varies between 30% and 70% across a wide range of
ecosystems, with higher percentages associated with high
phytoplankton biomass (Gasol and Giorgio, 2000; Lebar-
on et al., 2001b; Del Giorgio and Bouvier, 2002; Sherr
et al., 2006). The only study that has investigated the
impact of iron fertilization on the abundance of HNA cells
is that from Oliver et al. (2004) during SOFeX. These
authors report a relatively minor increase of the fraction of
HNA cells (up to 45% of total cell abundance) within the
iron-fertilized patch (Oliver et al., 2004).

Sherr et al. (2006) suggested that variations in the
percentage of HNA cells could be attributed to differences
in the interactions within the microbial food web. As stated
earlier, not grazing activity, but viral lysis predominantly
regulated bacterial biomass production within the Kergue-
len bloom (Christaki et al., this issue; Malits and
Weinbauer, unpublished data.). We hypothesize that the
importance of HNA cells within the Kerguelen bloom can,
at least to some part, be attributed to a low grazing
pressure that preferentially affects HNA cells due to their
larger biovolume.

There is presently a lively debate whether HNA cells, due
to their higher nucleic acid content, reveal higher metabolic
activities than LNA cells (Jellet et al., 1996; Gasol et al.,
1999). Results on the cell-specific activity of the two
Table 5

Bacterial and phytoplankton stocks and fluxes integrated over the wind-mixed

Kerguelen Plateau

A3-1 A3-3

Wind-mixed layer (m) 52 51

Stocks (mmolCm�2)

Bacterial biomass 25 27

Phytoplankton biomassa 328 202

BB:PB 0.08 0.13

Fluxes (mmolCm�2 d�1)

Bacterial carbon demand 55b 54

Primary productionc 88 85

Gross community productiond 138 80

BCD:PP 0.63 0.64

BCD:GCP 0.40 0.68

BB—Bacterial biomass, PB—Phytoplankton Biomass, BP—Bacterial hetero

production.
aPhytoplankton biomass is based on microscopic observations (Armand et
bThe bacterial carbon demand is based on the mean BGE of 20% determin
cPrimary production is based on 13C incorporation (Mosseri et al., this issu
dGross community production is based on TCO2 rates except for Stations B

(Lefèvre et al., this issue).
subpopulations using cell-sorting techniques are, however,
contradictory with HNA cell-specific activities being
considerably higher (Lebaron et al., 2001a; Servais et al.,
2003) or similar (Longnecker et al., 2005; Zubkov et al.,
2001) to those of LNA cells. In the present study, it was
interesting to note that differences in the total cell
abundance between the two contrasting Stations A3 and
C11 were uniquely attributable to a higher abundance in
HNA cells above the Kerguelen Plateau, while the
abundances of LNA cells were similar at all stations
(Fig. 3). This observation and the robust relationship
between the HNA cell abundance and bacterial production
(see also Christaki et al., this issue) strongly suggest that
HNA cells were mainly responsible for the high bacterial
production above the Kerguelen Plateau.

4.4. Carbon flow through heterotrophic bacteria

Above the Kerguelen Plateau, the bacterial carbon
demand equaled E55% and E45% of primary production
and gross community production, respectively (Table 5).
These results, obtained during both the third month of an
intense spring phytoplankton bloom (Station A3) and a
pulsed phytoplankton bloom event (Station B5), suggest a
strong coupling between phytoplankton and bacterial
heterotrophic activity. The firm response of heterotrophic
bacteria to the Kerguelen bloom is further supported by a
strong relationship between phytoplankton biomass and
heterotrophic bacterial biomass and production across the
study area (Christaki et al., this issue). For comparison,
common ratios of bacterial to phytoplankton biomass and
bacterial to primary production applied to the present data
layer above the Kerguelen Plateau and at the HNLC-site

HNLC

A3-4 A3-5 B5 C11

79 84 84 73

35 49 30 17

447 466 406 130

0.08 0.11 0.07 0.13

28 32 75 31

89 81 91 21

80 101 133 25

0.31 0.40 0.82 1.48

0.35 0.32 0.56 1.24

trophic production, PP—primary production, GCP—Gross community

al., this issue).

ed for A3-3.

e).

5 and C11 where O2 rates were converted to C-units applying a PQ of 1.2
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set remain low (E0.1). Lochte et al. (1997) observed
regional differences in the fraction of spring primary
production passing through heterotrophic bacteria,
amounting to 30% in the polar frontal zone and the
marginal ice zone and up to 66% in the southern Antarctic
Circumpolar Current. Based on measurements of photo-
synthetic extracellular release that equaled the estimated
bacterial carbon demand in low productive off-shore
Antarctic waters, Moran et al. (2001) concluded that
heterotrophic bacteria were tightly linked to phytoplankton
activity. These results and the present study suggest that the
relation between phytoplankton and bacterioplankton is
variable in the Southern Ocean, but not necessarily different
from that observed in temperate regions.

4.5. Implications for the recycling of iron

Above the Kerguelen Plateau, heterotrophic bacteria
represented a relatively small, but dynamic pool of biogenic
iron (Sarthou et al., this issue). Grazing by heterotrophic
nanoflagellates or viral lysis of bacterial cells results both in
the regeneration of the major part of iron bound in
bacterial cells (Strzepek et al., 2005). Based on a bacterial
turnover rate of 3.5 d (mean for all visits at Station A3) and
a bacterial iron quota of 7.5 mmol Fe (mol C�1) (Tortell
et al., 1996), we estimated an iron regeneration of �1 pmol
FeL�1 d�1 for surface waters above the Kerguelen Plateau.
This value compares to an iron regeneration of �1.5 pmol
FeL�1 d�1 due to mesozooplankton grazing as determined
from 55Fe-addition experiments (Sarthou et al., this issue).
The grazer- and virus-mediated release of iron from
bacterial cells reinforces the idea of the microbial ferrous
wheel (Kirchman, 1996) within the phytoplankton bloom
above the Kerguelen Plateau, suggesting that bacteria
could play an important role in maintaining DFe in surface
seawater.
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