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Abstract. It has been univocally shown that iron (Fe) is the
primary limiting nutrient for phytoplankton metabolism in
high-nutrient, low-chlorophyll (HNLC) waters, yet the ques-
tion of how this trace metal affects heterotrophic microbial
activity is far less understood. We investigated the role of
Fe for bacterial heterotrophic production and growth at three
contrasting sites in the naturally Fe-fertilized region east of
the Kerguelen Islands and at one site in HNLC waters dur-
ing the KEOPS2 (Kerguelen Ocean and Plateau Compared
Study 2) cruise in spring 2011. We performed dark incuba-
tions of natural microbial communities amended either with
iron (Fe, as FeCl3) or carbon (C, as trace-metal clean glu-
cose), or a combination of both, and followed bacterial abun-
dance and heterotrophic production for up to 7 days. Our re-
sults show that single and combined additions of Fe and C
stimulated bulk and cell-specific bacterial production at the
Fe-fertilized sites, while in HNLC waters only combined ad-
ditions resulted in significant increases in these parameters.
Bacterial abundance was enhanced in two out of the three
experiments performed in Fe-fertilized waters but did not
respond to Fe or C additions in HNLC waters. Our results
provide evidence that both Fe and C are present at limiting
concentrations for bacterial heterotrophic activity in the nat-
urally fertilized region off the Kerguelen Islands in spring,
while bacteria were co-limited by these elements in HNLC
waters. These results shed new light on the role of Fe in bac-
terial heterotrophic metabolism in regions of the Southern
Ocean that receive variable Fe inputs.

1 Introduction

Iron (Fe) is an essential element for biological activity but is
present at trace amounts in the surface ocean. The role of Fe
as a limiting nutrient has been extensively studied in high-
nutrient, low-chlorophyll (HNLC) regions, with a focus on
phytoplankton productivity and growth. Mesoscale fertiliza-
tion experiments (see review by Boyd et al., 2007) and inves-
tigations in naturally Fe-fertilized regions (Blain et al., 2007;
Pollard et al., 2009) have conclusively shown that Fe con-
trols primary productivity and the drawdown of carbon diox-
ide (COy) in large areas of the global ocean. Phytoplankton
primary production is intimately linked to heterotrophic bac-
terial activity in different ways. First, heterotrophic bacteria
are potential competitors for the access to limiting nutrients,
such as Fe, in the HNLC ocean (Tortell et al., 1996; Mal-
donado and Price, 1999; Schmidt and Hutchins, 1999; Boyd
et al., 2012), and second, bacteria remineralize a substan-
tial fraction of phytoplankton-derived dissolved organic mat-
ter (DOM; Ducklow, 2000). Through these processes bacte-
ria contribute to the extent and fate of primary production.
However, to date, only few studies have attempted to assess
the effects of Fe limitation on heterotrophic bacteria and the
potential consequences on the tight coupling between pro-
duction and remineralization of organic matter.
Heterotrophic bacteria responded to variable extents to Fe
addition in mesoscale fertilization experiments and in natu-
ral fertilization studies (for an overview see Christaki et al.,
2014). Whether the increase in bacterial abundance and pro-
duction in the Fe-fertilized patches was induced directly by
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Table 1. Date, location and environmental characteristics of the study sites. Values are mean £SD of the mixed layer (ML).

Station R2 E-4W E-3 E-5
Date 27 Oct 11 Nov 3 Nov 19 Nov
Latitude S 50.3834 48.7503 48.7000 48.4002
Longitude E 66.6834 71.4168 71.9666 71.8836
Temperature ML (°C) 2.1 25 3.1 3.2
ZmL (m) 105+ 15 61+11 38+9 46 +13
DFe (nM)? 0.13+0.05 0.17+0.03 0.35+0.05 0.06+0.01
DOC (uM) 48+1 49+1 49+1 48+1
Chla (ugL=1)P 0.3+0.1 13+0.1 0.6+0.1 12+0.1
Bacterial abundance 27+03 6.0+0.1 51 46+0.1
(x 108 cells L~1)c

Bacterial heterotrophic production 26+1 29+4 25+2 27+1

(ngCL~1h=1yc

a From Quéroué et al. (2015); ® from Lasbleiz et al. (2014); © from Christaki et al. (2014).

Fe or indirectly by the enhanced DOM production by phy-
toplankton, or by combination of both, was difficult to con-
clude from these observations. Only a few studies have ex-
amined the potential role of Fe as a limiting factor for het-
erotrophic bacteria in dark incubations, with those studies re-
porting contrasting results. While Fe addition alone did not
lead to enhanced bacterial production and growth in HNLC
areas such as the coastal Californian and subarctic Pacific
(Kirchman et al., 2000; Agawin et al., 2006), in different
frontal zones south of Tasmania (Church et al., 2000) and
south of the polar front in the Indian sector of the Southern
Ocean (Jain et al., 2015), bacterial activity increased upon
Fe addition in the Gerlache Strait (Pakulski et al., 1996) and
the Ross Sea (Bertrand et al., 2011). Heterotrophic bacte-
rial abundance revealed only a minor response to Fe amend-
ments in incubations performed within the Fe-enriched patch
during a mesoscale fertilization experiment in the Pacific
Ocean (Agawin et al., 2006). The variable responses of het-
erotrophic bacteria to additions of Fe compared to phyto-
plankton in different oceanic environments suggest a more
complex interplay between Fe and bacterial metabolism,
which could in part be driven by the availability of DOM.
The Kerguelen Ocean and Plateau compared
Study 2 (KEOPS2) provided access to naturally Fe-
fertilized sites above the Kerguelen Plateau and in offshore
waters south and north of the polar front, each with distinct
hydrodynamic and geochemical properties (Park et al.,
2014). As a consequence, concentrations of dissolved iron
(DFe; Quéroué et al., 2015), the extent and age of the phy-
toplankton blooms induced by Fe fertilization (D’Ovidio et
al., 2015), and the bacterial responses (Christaki et al., 2014)
were variable across sites. The objective of the present study
was to examine the role of Fe and C as limiting elements
for bacterial heterotrophic activity to better understand the
bacterial response to Fe fertilization of the Southern Ocean.
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2 Material and methods
2.1 Experimental design

The effect of iron (Fe) and organic carbon (C) additions
on bacterial heterotrophic production and growth was deter-
mined at three stations located in the naturally Fe-fertilized
region east of the Kerguelen Islands (stations E-4W, E-3
and E-5) and at the reference station, R2, in HNLC wa-
ters west of the Kerguelen Islands (Table 1; a map of the
study region is provided in Blain et al., 2015). At all sta-
tions, seawater was collected with 10 L Teflon-lined Niskin-
1010X bottles mounted on a 1018 rosette system adapted
for trace-metal clean work (Bowie et al., 2014). Sampling
depths (surface mixed layer) were 40 m at stations R2 and
E-4W, 37m at station E-3 and 25m at station E-5. The
Niskin bottles were transferred to a trace-metal clean con-
tainer, where 2 L polycarbonate (PC) bottles were filled with
unfiltered seawater. The 2L PC bottles were transferred to
a trace-metal clean lab, and 300 mL of seawater was dis-
pensed into twelve 500 mL PC bottles. All PC bottles were
soaked in HCI (10%) and thoroughly rinsed with Milli-Q
water before use. Besides the control, which consisted of un-
amended seawater, the following three treatments were pre-
pared: seawater + Fe, seawater + C, and seawater + Fe + C.
Triplicate incubations were done for all treatments and the
control. Iron was added as FeCls (final concentration 1nM
of FeCl3), and C was added as trace-metal clean glucose
(final concentration 10 uM of glucose). To eliminate trace-
metal contamination, the working solution of glucose was
passed over a Chelex 100 ion exchange resin (Bio-Rad, 200-
400 mesh). The incubations were done in the dark in a
temperature-controlled lab at in situ temperature (Table 1).
For subsampling, incubation bottles were transferred to the
trace-metal clean lab and opened under a laminar flow hood
(ISO class 5). Subsamples for bacterial abundance and pro-
duction were taken at day 0 (7p), day 2 (7»), day 4-5 (T,) at
all sites, as well as at day 7 (77) at station R2.

www.biogeosciences.net/12/1983/2015/
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2.2 Enumeration of heterotrophic bacteria

For bacterial abundance, 1.8 mL subsamples were fixed with
formaldehyde (2 % final concentration), stored in the dark for
20 min and then shock-frozen in liquid nitrogen. The sam-
ples were stored at —80°C until analyses by flow cytome-
try. Counts were made using a FACSCalibur flow cytome-
ter (BD20 Biosciences) equipped with an air-cooled laser,
providing 15mW at 488 nm with the standard filter setup.
Heterotrophic bacteria were stained with SYBR Green |, and
determined by flow cytometry as described in detail in Ober-
nosterer et al. (2008).

2.3 Bacterial heterotrophic production

Bacterial production was estimated by [3H] leucine incorpo-
ration applying the centrifugation method (Smith and Azam,
1992) as described in Obernosterer et al. (2008). Briefly,
1.5mL samples were incubated with a mixture of [3,4,5-
3H(N)] leucine (Perkin Elmer, 144 Cimmol~1; 7nM final
concentration) and nonradioactive leucine (13 nM final con-
centration). Controls were fixed with trichloroacetic acid
(TCA; Sigma) at a final concentration of 5%. Samples were
incubated for 2-3 h under the same conditions as the cul-
tures as described above. Incubations were terminated with
TCA (5% final concentration). The radioactivity incorpo-
rated into bacterial cells was measured aboard the R/V Mar-
ion Dufresne in a Tricarb® scintillation counter.

2.4 Dissolved organic carbon analyses

In situ samples for dissolved organic carbon (DOC) analyses
were taken with Teflon-lined Niskin-1010X bottles adapted
for trace-metal clean work (Bowie et al., 2014). Seawater was
filtered through two combusted GF/F (0.7 um nominal pore
size, Whatman) filters and 15mL of the filtrate was stored
acidified (H3POyg, final pH=2) in combusted 20 mL glass
ampoules at room temperature in the dark. DOC concentra-
tions were measured on a Shimadzu TOC-VCP analyzer with
a Pt catalyst at 680 °C (Benner and Strom, 1993) as detailed
in Tremblay et al. (2015).

2.5 Statistical analyses

All statistical comparisons between unamended (control) and
amended treatments were performed using one-way analysis
of variance (ANOVA) and a post hoc Tukey test. Differences
were considered statistically significant at p <0.05.

3 Results

3.1 Environmental setting of the study sites

The offshore waters east of the Kerguelen Islands represent a
region with intense mesoscale activity (Park et al., 2014) that
is reflected in variable physical and biological characteristics

www.biogeosciences.net/12/1983/2015/

of the stations chosen for the present study (Table 1). The
three stations within Fe-fertilized waters, all located south of
the polar front, revealed considerable variability in concen-
trations of DFe (up to 5.8-fold in the mixed layer; Quéroué
et al., 2015) and of chlorophyll a (up to 2.2-fold; Lasbleiz et
al., 2014), while bacterial abundance and heterotrophic pro-
duction were more similar among these sites (Christaki et
al., 2014). The reference site, R2, in HNLC waters is located
west of the Kerguelen Islands, and concentrations of DFe,
Chl a, bacterial abundance and production were substan-
tially lower than those in surface waters of the Fe-fertilized
stations (Table 1). Concentrations of major inorganic nutri-
ents were present in excess (> 19 uM of nitrate plus nitrite
and >1 uM of phosphate; Blain et al., 2015). Among the pa-
rameters of interest to the present study, only concentrations
of DOC did not differ between fertilized and non-fertilized
sites. This is most likely due to the rapid consumption of
phytoplankton-derived DOM in Fe-fertilized waters, as re-
flected in the marked enhancement of bacterial heterotrophic
production (by up to a factor of 11; Table 1).

3.2 Bacterial responses to Fe and C additions

At the HNLC site R2, single additions of Fe and C did not
result in a significant enhancement of bulk and cell-specific
production, and the combined addition of Fe and C signifi-
cantly enhanced bulk and cell-specific production (1.9-fold)
(p <0.05). By contrast, bacterial abundance was not signifi-
cantly different in any of the amended treatments compared
to the control (Fig. 1a—c). Single and combined additions of
Fe and C significantly stimulated bulk and cell-specific pro-
duction at all fertilized stations, but the temporal patterns and
the extent of stimulation varied among experiments. At sta-
tion E-4W, where Chl @ and in situ bacterial abundance and
production were highest for the stations investigated here, the
combined addition of Fe and C rapidly stimulated bulk and
cell-specific production at 7, (1.5-fold), and this enhance-
ment was maintained at 7, (1.6-fold) (Fig. 1e, f). Additions
of Fe and C alone resulted in enhanced bacterial abundance
and bacterial production only at 7, (1.2- to 1.7-fold). Sta-
tions E-3 and E-5 have a close geographical position and
were sampled in a quasi-Lagrangian manner at a 17-day time
interval. The pattern observed at these two stations was strik-
ingly similar, but the extent of the response decreased from
E-3 (Fig. 1g-i) to E-5 (Fig. 1j-I). A pronounced response
in bulk and cell-specific production to single and combined
additions was observed at 7 (1.7-2.2-fold at station E-3 and
1.3-1.5-fold at station E-5). At the end of the experiment, the
enhancement of these parameters was detectable in the C and
the combined C and Fe additions but not in the Fe-amended
treatments.

Biogeosciences, 12, 1983-1992, 2015
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Figure 1.

4 Discussion
4.1 Resource co-limitation

The concept of resource limitation has shifted over the past
decades from the theory that a single nutrient limits growth
at a given time (Liebig’s law of the minimum) to the recog-
nition that co-limitation by multiple resources frequently oc-
curs in the ocean (Arrigo, 2005; Saito et al., 2008; Harpole
et al., 2011). Based on theoretical considerations, different

Biogeosciences, 12, 1983-1992, 2015

types of nutrient co-limitation of phytoplankton were pro-
posed (Arrigo, 2005; Saito et al., 2008). Here we briefly re-
fer to two types of resource co-limitation: in one case either
two or more nutrients are present at concentrations too low to
meet the microbial requirements, and in the second case the
enhanced concentrations of one limiting resource may facili-
tate the uptake of another resource (Arrigo, 2005; Saito et al.,
2008). In addition, microbial taxa could each be limited by
different nutrients due to their specific strategies to access a

www.biogeosciences.net/12/1983/2015/
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Figure 1. Changes in bacterial abundance (upper panels), bacterial heterotrophic production (middle panels) and cell-specific bacterial
production (lower panels) in the control, C-amended, Fe-amended, and both C- and Fe-amended treatments over time. Treatments with an
asterisk are significantly different from the control (one-way analysis of variance (ANOVA) and post hoc Tukey; p <0.05).

limiting resource, and this feature could further add to the ob-
servation of co-limitation of a diverse microbial community
(Sebastian and Gasol, 2013).

How do these concepts apply to the possible co-limitation
of heterotrophic bacteria by Fe and C, as suggested previ-
ously (Tortell et al., 1996, 1999)? Despite the good perfor-
mance of chemical analytical methods, the bulk concentra-
tions of DFe and DOC do not provide information on the

www.biogeosciences.net/12/1983/2015/

biologically available fractions, and therefore it is not pos-
sible to determine the limiting concentration of these re-
sources based on in situ concentrations. A simple compar-
ison between the bacterial Fe quota in Fe-limited cultures
(9 umol Femol C~1; Tortell et al., 1996) and the KEOPS
study region (4-8 umol Fe mol C~1; Fourquez et al., 2015)
and the DFe: DOC ratio (range 3-7 pmol DFe mol DOC1;
Table 1) indicates similar cellular and in situ molar ratios,

Biogeosciences, 12, 1983-1992, 2015
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Figure 2. Extent of stimulation of bacterial heterotrophic produc-
tion by Fe (+Fe) or C (4 C) addition and in situ dissolved iron
(DFe) concentrations. Ratios of bacterial production in the Fe- or
C-amended treatments to the controls correspond to the time points
when significant differences were detected for the first time in the
cultures (see Fig. 1), and the error bars denote the cumulated error
of the bacterial production measurements in the control and the Fe-
or C-amended treatments, respectively. For DFe, mean values SD
of the surface mixed layer are given (see Table 1).

and thus suggests the potential of both elements to become
limiting. The concurrent requirement of DFe by bacteria and
phytoplankton could lead to competition for this nutrient be-
tween heterotrophic and autotrophic members of the micro-
bial community. Incubation experiments performed during
KEOPS2 have indeed shown that the bacterial iron uptake
was negatively affected by the presence of phytoplankton
(Fourquez et al., 2015). Even though DOC is present in the
micro-molar range, the fraction of this bulk DOC that is bio-
logically available is much smaller, in particular under non-
bloom conditions in the Southern Ocean. This is due to the
permanent upwelling that transports highly refractory DOM
from the deep ocean to the surface. As a consequence of
the upwelling and the concurrent low phytoplankton primary
production, DOC concentrations in the Southern Ocean are
the lowest in surface waters of the global ocean (Hansell,
2013). These basic considerations help in understanding the
positive response of heterotrophic bacteria to the addition of
biologically labile forms of both Fe and C.

4.2 Linking the extent of stimulation to in situ bacterial
Fe uptake

To explore the variable extent of stimulation of bacterial pro-
duction by single Fe and C additions among stations, we de-
termined the respective ratio of bulk and cell-specific bac-
terial production in the Fe- or C-amended treatments to the
controls for the time points when significant differences were
detected for the first time in the cultures. This was the case
after 2 days of incubation at stations E-3 and E-5 and after

Biogeosciences, 12, 1983-1992, 2015

4 days of incubation at station E-4W. The rationale behind
doing this is that it takes into consideration the differences
in the time lag of the bacterial communities to respond to Fe
or C additions at the different sites. We consider these differ-
ent temporal dynamics of the microbial community part of
the response to the question of whether and to what extent
they are C- or Fe-limited. Interestingly, the extent of stim-
ulation of bacterial heterotrophic production by single addi-
tions of Fe and C revealed an increasing trend with in situ
DFe concentrations (Fig. 2). A similar trend was observed
for cell-specific production rates (data not shown). No such
tendency was observed with in situ chlorophyll a concentra-
tions or bacterial abundance or production.

This trend could point to the close coupling between C
and Fe for bacterial heterotrophic metabolism, and it could
support the idea that the addition of either of these elements
facilitates the utilization of the other limiting element (Tortell
et al., 1999; Arrigo, 2005; Saito et al., 2008). The response
to single C amendment increased at higher in situ DFe con-
centrations, which could indicate that a larger fraction of the
added glucose can be utilized under these conditions. The en-
hanced response to single Fe addition at higher in situ DFe
concentrations could indicate the processing of a larger frac-
tion of the DOM present in situ or the utilization of DOM
with a higher efficiency. A synergistic effect, such as the in-
crease in Fe bioavailability by compounds released by phy-
toplankton, could also be considered (Hassler et al., 2011).
Within the bacterial cell, the Fe and C cycles are tightly
linked in the TCA cycle and the electron transport system
of the respiratory chain, as these key pathways of the cel-
lular carbon metabolism harbor several Fe-containing en-
zymes. The limitation by Fe can therefore affect the quan-
tity of organic compounds processed by the bacterial cell,
and likely also the bacterial growth efficiency (Tortell et al.,
1996). Indeed, reduced bacterial growth and respiration un-
der Fe-limited conditions were recently associated with the
changes in the expression of Fe-containing enzymes and with
the induction of the glyoxylate shunt, a bypass of the TCA
cycle, which has important consequences on the fate of or-
ganic carbon processed by the bacterial cell (Fourquez et al.,
2014; Beier et al., 2015).

The complexity of natural sources of Fe and organic mat-
ter and the large differences in concentrations in the ocean re-
quire specific metabolic properties such as siderophore pro-
duction and high-affinity uptake systems for Fe, and en-
zyme machineries for the cleavage of complex organic car-
bon compounds. These metabolic capabilities were shown
to be associated with specific taxa (Cottrell and Kirchman,
2000; Bauer et al., 2006; Eldridge et al., 2007; Toulza et al.,
2012). Thus, it is conceivable to argue that the extent of lim-
itation depends on the metabolic capabilities of the members
within the community, and that the bulk response to either
addition might be driven by specific taxa.

It was, however, surprising to note that the combined ad-
dition of Fe and C did not stimulate bacterial heterotrophic

www.biogeosciences.net/12/1983/2015/
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Table 2. Results from Fe- and C-enrichment experiments in the Southern Ocean and the Pacific Ocean.

Region Treatment Experiment Study
+Fe +C +Fe+C description
Dark incubations
Southern Ocean
Naturally Fe-fertilized region + + + Whole seawater, 1 nM Fe, Present study
off Kerguelen Islands 10 uM glucose, BA, Leu
Polar front - nd nd Whole seawater Jain et al. (2015)
10nM Fe, BA
Ross Sea + nd nd <0.65 um size fraction Bertrand et al. (2011)
1nM Fe, BA, Leu
Subtropical front - + + Whole seawater Church et al. (2000)
2.5nM Fe
Subantarctic Zone - + + 1-10 uM glucose
BA, Leu, Tdr
Subantarctic Front - + +
Antarctic Polar Front — — -
Gerlache Strait + nd nd < 0.8 um size fraction Pakulski et al. (1996)
3.8nM Fe, BA, Leu
Pacific Ocean
Subarctic Pacific <1um size fraction, 4, 20, Agawin et al. (2006)
SERIES 40nM Fe 10 uM glucose
OUT patch - — — 10 uM glutamic acid, BA
IN patch day 2 - + +
IN patch day 8 - + +
IN patch day 12 — — —
IN patch day 17 + + +
Coastal California Whole seawater Kirchman et al. (2000)
1.1nM Fe in situ - + 2nM Fe, 1uM glucose
0.2nM Fe in situ — — + BA, Leu
0.06 nM Fe in situ - - +
Light incubations
Southern Ocean
Polar front + nd nd Whole seawater, artificial Jain et al. (2015)
light; 16: 8 h light : dark cycle
10nM Fe, BA
Ross Sea + nd nd Whole seawater Bertrand et al. (2011)
20 % surface irradiance
1nM Fe, BA
Subantarctic + nd nd Whole seawater Hutchins et al. (2001)
40 % surface irradiance
1.9nM Fe, Leu
Naturally Fe-fertilized region + nd nd Whole seawater Obernosterer et al. (2008)
off Kerguelen Islands 50 % surface irradiance
1nM Fe, BA, Leu
Pacific Ocean
South Pacific + — + Whole seawater Kuparinen et al. (2011)
OUT patch 40 % surface irradiance
SAGE experiment 4.9nM Fe, 6 uM
sucrose, Tdr
Subarctic Pacific + nd nd Whole seawater Hutchins et al. (2001)
40 % surface irradiance
3.2nM Fe, BA, Leu
Californian coastal + nd nd Whole seawater Hutchins et al. (2001)
upwelling 40 % surface irradiance
2.5nM Fe, BA, Leu
Equatorial + nd nd Whole seawater Price et al. (1994)

Pacific Ocean transect

On-deck incubation
1nM Fe, BA, Leu

1989

A positive or negative response of heterotrophic bacteria is indicated by “+” and “—" symbols, respectively; nd — not determined; final concentrations of added Fe and organic
carbon source in the incubation experiments are given; Fe was added as FeClz; BA refers to bacterial abundance; Leu and Tdr refer to 3[H] leucine and 3[H] thymidine as tracers
for bacterial heterotrophic production, respectively.

www.biogeosciences.net/12/1983/2015/
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production to a larger extent than the single additions. Be-
sides Fe and C, temperature, ranging between 3 and 4°C in
the present study, could have limited bacterial heterotrophic
activity in surface waters of the study region. We propose
that temperature set an upper limit to the potential response
to Fe and C additions, as suggested previously (Kirchman
and Rich, 1997). Similar experiments performed at higher
temperatures (9-14 °C; Church et al., 2000; Kirchman et al.,
2000) observed stimulations of bacterial heterotrophic activ-
ity severalfold higher than in the present study, which sup-
ports the idea of the potential additional control by tempera-
ture.

4.3 Spatial and temporal variability in Fe limitation

Our results from the naturally Fe-fertilized region off the
Kerguelen Islands add to incubation experiments performed
in prominent HNLC regions of the Southern Ocean (Church
et al., 2000; Hutchins et al., 2001; Jain et al., 2015) and the
Pacific Ocean (Hutchins et al., 2001; Kirchman et al., 2000;
Agawin et al., 2006; Kuparinen et al., 2011; Price et al.,
1994), as well as in high-nutrient waters off Antarctica such
as the Gerlache Strait (Pakulski et al., 1996) and the Ross Sea
(Bertrand et al., 2011; see Table 2 for an overview). These
previous studies reveal an interesting pattern that appears to
be set, in part, by the dark or light incubation regime. While
in dark incubations the addition of Fe alone had an effect
on bacterial metabolism only in some locations, Fe amend-
ments lead to enhanced bacterial production and growth in
all incubations performed in the light and in the presence of
autotrophic members of the microbial community. This sug-
gests that the stimulation of phytoplankton by Fe and the
associated release of DOM could relieve the organic car-
bon limitation for heterotrophic bacteria (Kirchman et al.,
2000). Taken together, these results point to a strong cou-
pling between organic carbon and Fe in controlling bacte-
rial heterotrophic metabolism in HNLC regions (Tortell et
al., 1999).

While Fe was clearly identified as a limiting nutrient for
bacterial heterotrophic activity in the present study, the ad-
dition of Fe alone did not stimulate bacterial growth along
a transect south of Tasmania to the Antarctic Polar Front
(Church et al., 2000) and south of the polar front in the Indian
sector of the Southern Ocean (Jain et al., 2015). These con-
trasting findings could suggest that bacterial resource limita-
tion in the Southern Ocean varies among water masses with
distinct hydrographic and chemical properties. Besides this
possible spatial heterogeneity, the role of Fe as a limiting
nutrient could vary with season. In this case, Fe limitation
would be more pronounced in early spring, as demonstrated
in the present study, than in late summer (Church et al., 2000;
Jain et al., 2015). We consider two possible underlying mech-
anisms to explain this seasonal pattern. First, heterotrophic
bacteria and phytoplankton are competing for Fe acquisition
(Fourquez et al., 2015). In spring, the phytoplankton com-
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munity is dominated by small, fast-growing cells that out-
compete heterotrophic bacteria for Fe acquisition, whereas
in summer, the lower primary production by less competi-
tive large diatoms could result in a reduction of Fe limitation
for heterotrophic bacteria (Quéguiner, 2013; Fourquez et al.,
2015). Alternatively, or concomitantly, Fe limitation could
be reduced in summer compared to spring due to an overall
increased Fe availability resulting from enhanced Fe regen-
eration mediated by biological activity (Bowie et al., 2014).
This could thereby relieve, in part, the limitation by this mi-
cronutrient for the summer bacterial community. The idea of
seasonal changes in resource limitation is further supported
by the higher bacterial Fe quota and cell-specific Fe uptake
rates in spring than in summer, which point to enhanced bac-
terial Fe requirements early in the season (Fourquez et al.,
2015). Thus, resource supply and biological interactions de-
termine both the extent of Fe limitation of heterotrophic bac-
teria, with possible important feedbacks on the Fe and C cy-
cles in the HNLC Southern Ocean.

Acknowledgements. We thank the chief scientist, B. Quéguiner;
the captain, Bernard Lassiette; and the crew of the R/V Marion
Dufresne for their enthusiasm and help aboard. Two constructive
reviews improved a previous version of this manuscript. This work
was supported by the French Research program of the INSU-CNRS
LEFE-CYBER (Les enveloppes fluides et I’environnement — cycles
biogéochimiques, environnement et ressources), the French ANR
(Agence Nationale de la Recherche, SIMI-6 program, ANR-
10-BLAN-0614), the French CNES (Centre National d’Etudes
Spatiales) and the French Polar Institute (IPEV — Institut Polaire
Paul-Emile Victor).

Edited by: G. Herndl

References

Agawin, N. S. R, Hale, M. S., Rivkin, R. B., Matthews, P., and Li,
W. K. W: Microbial response to a mesoscale enrichment in the
Subarctic Pacific: Bacterial community composition, Deep-Sea
Res. Pt. 11, 53, 2248-2267, 2006.

Arrigo, K. R.: Marine microorganisms and global nutrient cycles,
Nature, 437, 349-355, 2005.

Bauer, M., Kube, M., Teeling, H., Richter, M., Lombardot, T.,
Allers, E., Wuerdemann, C. A., Quast, C., Kuhl, H., Knaust,
F., Woebken, D., Bischof, K., Mussmann, M., Choudhuri, J. V.,
Meyer, F., Reinhardt, R., Ammann, R. I., and Gloeckner, F. O.:
Whole genome analysis of the marine Bacteroidetes “Gramella
forsetii” reveals adaptations to degradation of polymeric organic
matter, Environ. Microbiol., 8, 2201-2213, doi:10.1111/j.1462-
2920.2006.01152.x, 2006.

Beier, S., Galvez, M.-J., Molina, V., Sarthou, G., Quéroué, F., Blain
S., and Obernosterer, I.: The transcriptional regulation of the gly-
oxylate cycle in SAR11 in response to iron fertilization in the
Southern Ocean, EMIR, doi:10.1111/1758-2229.12267, 2015.

www.biogeosciences.net/12/1983/2015/


http://dx.doi.org/10.1111/j.1462-2920.2006.01152.x
http://dx.doi.org/10.1111/j.1462-2920.2006.01152.x
http://dx.doi.org/10.1111/1758-2229.12267

I. Obernosterer et al.: Bacterial limitation in the Southern Ocean 1991

Benner, R. and Strom, M.: A critical evaluation of the analytical
blank associated with DOC measurements by high-temperature
catalytic oxidation, Mar. Chem., 41, 153-160, 1993.

Bertrand, E. M., Saito, M., Lee, P, Dunbar, R. B., Sedwick,
P. N., and DiTullio, G. R.: Iron limitation of a springtime
bacterial and phytoplankton community in the Ross Sea: im-
plications for vitamin B12 nutrition., Front. Microbiol., 2,
d0i:10.3389/fmich.2011.00160, 2011.

Blain, S., Queguiner, B., Armand, L., Belviso, S., Bombled, B.,
Bopp, L., Bowie, A., Brunet, C., Brussaard, C., Carlotti, F.,
Christaki, U., Corbiere, A., Durand, 1., Ebersbach, F., Fuda, J.-
L., Garcia, N., Gerringa, L., Griffiths, B., Guigue, C., Guillerm,
C., Jacquet, S., Jeandel, C., Laan, P., Lefevre, D., Lomonaco, C.,
Malits, A., Mosseri, J., Obernosterer, I., Park, H. Y., Picheral, M.,
Pondaven, P., Remenyi, T., Sandroni, V., Sarthou, G., Savoye, N.,
Scouarnec, L., Souhaut, M., Thuiller, D., Timmermans, K., Trull,
T., Uitz, J., Van-Beek, P., Veldhuis, M., Vincent, D., Viollier, E.,
\ong, L., and Wagener, T.: Effect of natural iron fertilization on
carbon sequestration in the Southern Ocean, Nature, 446, 1070-
1075, 2007.

Blain, S., Capparos, J., Guéneugues, A., Obernosterer, 1., and Oriol,
L.: Distributions and stoichiometry of dissolved nitrogen and
phosphorus in the iron-fertilized region near Kerguelen (South-
ern Ocean), Biogeosciences, 12, 623-635, doi:10.5194/bg-12-
623-2015, 2015.

Bowie, A. R., van der Merwe, P., Quéroué, F., Trull, T., Fourquez,
M., Planchon, F., Sarthou, G., Chever, F., Townsend, A. T,
Obernosterer, 1., Sallée, J.-B., and Blain, S.: Iron budgets
for three distinct biogeochemical sites around the Kerguelen
archipelago (Southern Ocean) during the natural fertilisation ex-
periment KEOPS-2, Biogeosciences Discuss., 11, 17861-17923,
doi:10.5194/bgd-11-17861-2014, 2014.

Boyd, P. W., Jickells, T, Law, C. S., Blain, S., Boyle, E. A, Bues-
seler, K. O., Coale, K. H., Cullen, J. J., deBaar, H. J. W., Fol-
lows, M., Harvey, M., Lancelot, C., Levasseur, M., Owens, N.
P. J.,, Pollard, R., Rivkin, R. B., Sarmiento, J., Schoemann, V.,
Smetacek, V., Takeda, S., Tsuda, A., Turner, S., and Watson, A.
J.: Mesoscale Iron Enrichment Experiments 1993-2005: Synthe-
sis and future directions, Science, 315, 612—-617, 2007.

Boyd, P. W., Strzepek, R., Chiswell, S., Chang, H., DeBruyn, J.
M., Ellwood, M., Keenan, S., King, A. L., Maas, E. W., Nod-
der, S., Sander, S. G., Sutton, P., Twining, B. S., Wilhelm, S.
W., and Hutchins, D.: Microbial control of diatom bloom dy-
namics in the open ocean, Geophys. Res. Lett., 39, L18601,
doi:10.1029/2012GL 053448, 2012.

Christaki, U., Lefevre, D., Georges, C., Colombet, J., Catala, P,,
Courties, C., Sime-Ngando, T., Blain, S., and Obernosterer,
I.: Microbial food web dynamics during spring phytoplankton
blooms in the naturally iron-fertilized Kerguelen area (South-
ern Ocean), Biogeosciences, 11, 6739-6753, d0i:10.5194/bg-11-
6739-2014, 2014.

Church, M. J., Hutchins, D. A., and Ducklow, H. W.: Limitation
of bacterial growth by dissolved organic matter and iron in the
Southern Ocean, Appl. Environ. Microb., 66, 455-466, 2000.

Cottrell, M. T. and Kirchman, D. L.: Natural assemblages of ma-
rine Proteobacteria and members of the Cytophaga-Flavobacter
cluster consuming Low- and High-Molecular-Weight dissolved
organic matter, Appl. Environ. Microbiol., 66, 1692-1697, 2000.

www.biogeosciences.net/12/1983/2015/

D’Ovidio, F., Della Penna, A., Trull, T. W., Nencioli, F., Pu-
jol, I., Rio, M. H., Park, Y.-H., Cotté, C., Zhou, M., and
Blain, S.: The biogeochemical structuring role of horizontal stir-
ring: Lagrangian perspectives on iron delivery downstream of
the Kerguelen plateau, Biogeosciences Discuss., 12, 779-814,
d0i:10.5194/bgd-12-779-2015, 2015.

Ducklow, H. W.: Bacterial production and biomass in the ocean, in:
Microbial Ecology of the oceans, 1st Edn., edited by: Kirchman,
D. L., Wiley Liss, 85-120, 2000.

Eldridge, M. L., Cadotte, M. W., Rozmus, A. E., and Wilhelm, S.
W.: The response of bacterial groups to changes in available iron
in the Eastern subtropical Pacific Ocean, J. Exp. Mar. Biol. Ecol.,
348, 11-22, 2007.

Fourquez, M., Devez, A., Schaumann, A., Guéneugues, A.,
Jouenne, T., Obernosterer, I., and Blain, S.: Effects of iron
limitation on growth and carbon metabolism in oceanic and
coastal heterotrophic bacteria, Limnol. Oceanogr., 59, 349-360,
d0i:10.4319/10.2014.59.2.0349, 2014.

Fourquez, M., Obernosterer, I., Davies, D. M., Trull, T. W., and
Blain, S.: Microbial iron uptake in the naturally fertilized waters
in the vicinity of the Kerguelen Islands: phytoplankton-bacteria
interactions, Biogeosciences, 12, 1893-1906, doi:10.5194/bg-
12-1893-2015, 2015.

Hansell, D.: Recalcitrant dissolved organic carbon fractions, Annu.
Rev. Mater. Sci., 5, 421-445, doi:10.1146/annurev-marine-
120710-100757, 2013.

Harpole, W. S., Ngai, J. T., Cleland, E. E., Seabloom, E. W., Borer,
E. T., Bracken, M. E. S., Elser, J. J., Gruner, D. S., Hille-
brand, H., Shurin, J. B., and Smith, J. E.: Nutrient co-limitation
of primary producer communities, Ecol. Lett., 14, 852-862,
doi:10.1111/j.1461-0248.2011.01651.x, 2011.

Hassler, C. S., Schoemann, V., Nichols, C. M., Butler, E. C. V., and
Boyd, P. W.: Saccharides enhance iron bioavailability to South-
ern Ocean phytoplankton., P. Natl. Acad. Sci. USA, 108, 1076-
1081, doi:10.1073/pnas.1010963108, 2011.

Hutchins, D. A., Campbell, B. J., Cottrell, M. T., Takeda, S., and
Cary, C. S.: Response of marine bacterial community compo-
sition to iron additions in three iron-limited regimes, Limnol.
Oceanogr., 46, 1535-1545, 2001.

Jain, A., Meena, R. M., Naik, R. K., Gomes, J., Bandekar, M., Bhat,
M., Mesquita, A., and Ramaiah, N.: Response of polar front
phytoplankton and bacterial community to micronutrient amend-
ments, Deep-Sea Res. Pt. 11, doi:10.1016/j.dsr2.2015.01.009, in
press, 2015.

Kirchman, D. L. and Rich, J. H.: Regulation of bacterial growth
rates by dissolved organic carbon and temperature in the Equato-
rial Pacific Ocean, Microb. Ecol., 33, 11-20, 1997.

Kirchman, D. L., Meon, B., Cottrell, M. T., Hutchins, D., Weeks, D.,
and Bruland, K. W.: Carbon versus iron limitation of bacterial
growth in the California upwelling regime, Limnol. Oceanogr.,
45, 1681-1688, doi:10.4319/10.2000.45.8.1681, 2000.

Kuparinen, J., Hall, J., Ellwood, M., Safi, K., Peloquin, J., and
Katz, D.: Bacterioplankton responses to iron enrichment dur-
ing the SAGE experiment, Deep-Sea Res. Pt. 1l, 58, 800-807,
doi:10.1016/j.dsr2.2010.10.020, 2011.

Lasbleiz, M., Leblanc, K., Blain, S., Ras, J., Cornet-Barthaux, V.,
Hélias Nunige, S., and Quéguiner, B.: Pigments, elemental com-
position (C, N, P, and Si), and stoichiometry of particulate matter
in the naturally iron fertilized region of Kerguelen in the South-

Biogeosciences, 12, 1983-1992, 2015


http://dx.doi.org/10.3389/fmicb.2011.00160
http://dx.doi.org/10.5194/bg-12-623-2015
http://dx.doi.org/10.5194/bg-12-623-2015
http://dx.doi.org/10.5194/bgd-11-17861-2014
http://dx.doi.org/10.1029/2012GL053448
http://dx.doi.org/10.5194/bg-11-6739-2014
http://dx.doi.org/10.5194/bg-11-6739-2014
http://dx.doi.org/10.5194/bgd-12-779-2015
http://dx.doi.org/10.4319/lo.2014.59.2.0349
http://dx.doi.org/10.5194/bg-12-1893-2015
http://dx.doi.org/10.5194/bg-12-1893-2015
http://dx.doi.org/10.1146/annurev-marine-120710-100757
http://dx.doi.org/10.1146/annurev-marine-120710-100757
http://dx.doi.org/10.1111/j.1461-0248.2011.01651.x
http://dx.doi.org/10.1073/pnas.1010963108
http://dx.doi.org/10.1016/j.dsr2.2015.01.009
http://dx.doi.org/10.4319/lo.2000.45.8.1681
http://dx.doi.org/10.1016/j.dsr2.2010.10.020

1992 I. Obernosterer et al.: Bacterial limitation in the Southern Ocean

ern Ocean, Biogeosciences, 11, 5931-5955, d0i:10.5194/bg-11-
5931-2014, 2014.

Maldonado, M. T. and Price, N. M.: Utilization of iron bound to
strong organic ligands by plankton communities in the subarctic
Pacific Ocean, Deep-Sea Res. Pt. 11, 46, 2447, 1999.

Obernosterer, 1., Christaki, U., Lefevre, D., Catala, P, Van
Wambeke, F., and Lebaron, P.: Rapid bacterial mineralization
of organic carbon produced during a phytoplankton bloom in-
duced by natural iron fertilization in the Southern Ocean, Deep-
Sea Res. Pt. 11, 55, 777-789, 2008.

Pakulski, J. D., Coffin, R. B., Kelley, C. A., Holder, S. L., Downer,
R., Aas, P, Lyons, M. M., and Jeffrey, W. H.: Iron stimulation of
Antarctic bacteria, Nature, 383, 133-134, 1996.

Park, Y.-H., Durand, I., Kestenare, E., Rougier, G., Zhou, M.,
d’Ovidio, F., Cotté, C., and Lee, J.-H.: Polar Front around the
Kerguelen Islands: An up-to-date determination and associated
circulation of surface/subsurface waters, J. Geophys. Res., 119,
6575-6592, doi:10.1002/2014JC010061, 2014.

Pollard, R. T., Salter, 1., Sanders, R. J., Lucas, M. I., Moore, C. M.,
Mills, R. A., Statham, P. J., Allen, J. T., Baker, A. R., Bakker,
D. C. E., Charette, M. A., Fielding, S., Fones, G. R., French,
M., Hickman, A. E., Holland, R. J., Hughes, J. A., Jickells, T.
D., Lampitt, R. S., Morris, P. J., Nédélec, F. H., Nielsdottir, M.,
Planquette, H., Popova, E. E., Poulton, A. J., Read, J. F,, Seeyave,
S., Smith, T., Stinchcombe, M., Taylor, S., Thomalla, S., Ven-
ables, H. J., Williamson, R., and Zubkov, M. V.: Southern Ocean
deep-water carbon export enhanced by natural iron fertilization,
Nature, 457, 577-581, 20009.

Price, N. M., Ahner, B. A, and Morel, F. M. M.: The Equatorial
Pacific Ocean: Grazer-Controlled Phytoplankton Populations in
an lron-Limited Ecosystem, Limnol. Ocean., 39, 520-534, 1994.

Biogeosciences, 12, 1983-1992, 2015

Quéguiner, B.: Iron fertilization and the structure of planktonic
communities in high nutrient regions of the Southern Ocean,
Deep-Sea Res. Pt. 11, 90, 43-54, 2013.

Quéroué, F., Sarthou, G., Planquette, H. F., Bucciarelli, E., Chever,
F., van der Merwe, P., Lannuzel, D., Townsend, A. T., Cheize,
M., Blain, S., d’Ovidio, F., and Bowie, A. R.: High variability
of dissolved iron concentrations in the vicinity of Kerguelen Is-
land (Southern Ocean), Biogeosciences Discuss., 12, 231-270,
d0i:10.5194/bgd-12-231-2015, 2015.

Sebastian, M. and Gasol, J. M.: Heterogeneity in the nutrient limita-
tion of different bacterioplankton groups in the Eastern Mediter-
ranean Sea, ISME J., 7, 1665-1668, doi:10.1038/ismej.2013.42,
2013.

Schmidt, M. A. and Hutchins, D. A.: Size-fractionated biological
iron and carbon uptake along a coastal to offshore transect in the
NE Pacific, Deep-Sea Res. Pt. 11, 46, 2487-2503, 1999.

Smith, D. C. and Azam, F.: A simple, economical method for mea-
suring bacterial protein synthesis rates in sea water using 3H-
Leucine, Mar. Microb. Food Webs, 6, 107-114, 1992.

Tortell, P. D., Maldonado, M. T., and Price, N. M.: The role of
heterotrophic bacteria in iron-limited ocean ecosystems, Nature,
383, 330-332, 1996.

Tortell, P. D., Maldonado, M. T., Granger, J., and Price, N. M.: Ma-
rine bacteria and biogeochemical cycling of iron in the oceans,
FEMS Microbiol. Ecol., 29, 1-11, 1999.

Toulza, E., Tagliabue, A., Blain, S., and Piganeau, G.: Analysis
of the Global Ocean Sampling (GOS) Project for Trends in
Iron Uptake by Surface Ocean Microbes, PLoS One, 7, €30931,
doi:10.1371/journal.pone.0030931, 2012.

Tremblay, L., Caparros, J., Leblanc, K., and Obernosterer, I.: Origin
and fate of particulate and dissolved organic matter in a naturally
iron-fertilized region of the Southern Ocean, Biogeosciences, 12,
607-621, doi:10.5194/bg-12-607-2015, 2015.

www.biogeosciences.net/12/1983/2015/


http://dx.doi.org/10.5194/bg-11-5931-2014
http://dx.doi.org/10.5194/bg-11-5931-2014
http://dx.doi.org/10.1002/2014JC010061
http://dx.doi.org/10.5194/bgd-12-231-2015
http://dx.doi.org/10.1038/ismej.2013.42
http://dx.doi.org/10.1371/journal.pone.0030931
http://dx.doi.org/10.5194/bg-12-607-2015

	Abstract
	Introduction
	Material and methods
	Experimental design
	Enumeration of heterotrophic bacteria
	Bacterial heterotrophic production
	Dissolved organic carbon analyses
	Statistical analyses

	Results
	Environmental setting of the study sites
	Bacterial responses to Fe and C additions

	Discussion
	Resource co-limitation
	Linking the extent of stimulation to in situ bacterial Fe uptake
	Spatial and temporal variability in Fe limitation

	Acknowledgements
	References

