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Abstract. The role of potential factors limiting bacterial 48 h enrichment experiments were not sufficient to show any
growth was investigated along vertical and longitudinal gra-clear limitation of heterotrophic bacteria within Marquesas
dients across the South Eastern Pacific Gyre. The effectplateau and showed a limitation of these organisms by labile
of glucose, nitrate, ammonium and phosphate additions orcarbon in the eastern border of the Gyre.

heterotrophic bacterial production (using leucine technique)
were studied in parallel in unfiltered seawater samples in-

cubated under natural daily irradiance. The enrichments re;
alized on the subsurface showed three types of responses.

From 14T W (Marquesas plateau) to approx 12§, bacte-  peterotrophic bacteria generally meet their energy and ele-
ria were not bottom-up controlled, as confirmed by the hugemental needs from utilisation of organic matter, which in-
potential of growth in non-enriched seawater (median of en-,des essential elements like C, N, P and Fe. However, in
hancement factor39 in 24 h). Within the Gyre (123N= gjigotrophic environments, elemental needs are sometimes
95° W), nitrogen anne_snmuIa_ted leucine incorporation ratesp st satisfied only by utilization of organic matter and het-
(median<4.2), but rapidly labile carbon (glucose) became grqtrophic bacteria can compete with phytoplankton for min-
a second limiting factpr (mediarB7) when the two ele-  ¢rg) nutrients like N, P or Fe (Kirchman, 1994; Tortell et
ments were added. Finally from the border of the gyre 10 1999; Thingstad, 2000). To examine factors limiting
the Chilean upwelling (95W—73" W), labile carbon was the  heterotrophic bacterial growth, seawater samples are gener-
only fac_tor stimulating heterotrophic bacterial productlon. ally amended with various components (organic molecules,
Interaction between phytoplankton and heterotrophic bacter,acro nutrients, iron), alone or in combination. After 24—
rial communities and the direct versus indirect effect of iron 4g h, some bacterial parameters are examined, the main one
and macronutrients on bacterial production were also invesyimarily being bacterial production (either with thymidine
tigated in four selected sites: two sites on the vicinity of the o, |aucine technique). Different elements have been shown
Marquesas plateau, the centre of the gyre and the Easterg stimulate bacterial production : phosphorus in the Atlantic
border of the gyre. Both phytoplankton and heterotrophicocean (Sargasso Sea: Cotner et al., 1997, Gulf of Mexico:
bacteria were limited by availability of nitrogen within the Pomeroy et al., 1995) and in the Mediterranean Sea (East-
gyre, but not by iron. Iron limited phytoplankton at Marque- ern: zohary and Robarts, 1998; Thingstad et al., 2005; West-
sas plateau and at the eastern border of the gyre. Howeveln: van Wambeke et al., 2002), nitrogen in the South West
Pacific Ocean (French Polynesia: Tton et al., 2000), la-
bile organic carbon in the Equatorial and Subarctic Pacific

Correspondence to: F. Van Wambeke  (Kirchman, 1990; Kirchman and Rich, 1997), iron in the
BY

(france.van-wambeke@univmed.fr) Southern ocean (Pakulski et al., 1996, Tortell et al., 1996).
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From a punctual observation, it is difficult to generalize be-is needed to fully appreciate the complexity of changes in
cause within a given area, temporal and vertical variability trophic regulations and nutrient transfers resulting from addi-
have been shown (Sala et al., 2002; Van Wambeke et altjon of nutrients. Another problem is the representativeness
2002). In addition, the simple point of view of “one sin- of the activity associated to a pre-filtered bacterial fraction
gle” resource limiting factor has evolved: i) co-limitation (within the gyre, on average 36% of the bacterial production
often occurs: carbon — iron (Tortell et al., 1999; Church was associated to the0.6m fraction, unpub. results). Fi-

et al., 2000; Kirchman et al., 2000), carbon — phosphorusally, we chose to maintain whole seawater samples to keep
(Sala etal., 2002, Van Wambeke et al., 2002), carbon — nitrothe possibility to study simultaneously effect of amendments
gen (Toréton et al., 2000) ii) among heterotrophs, organic on both autotrophic and heterotrophic compartment and to
molecules might acts as nutrients for building biomass butexplore potentially direct versus indirect effects.

also as energy resources; this observation is at the origin of In order to identify the factors limiting heterotrophic bac-
the concept of energy limitation (Kirchman, 1990, Donachie terial production, two different sets of experiments were per-
etal., 2001) and iii) direct versus cascade effects: are bacteriformed, one under trace metal clean condition (TMC), and
directly stimulated, or do they benefit from a surplus phyto-the other under non trace metal clean conditions (non TMC).
plankton production also affected by the relieving of one key

nutrient? (Palkuski et al., 1996; Church et al., 2000; Cochlan2.1 TMC

2001; Oliver et al., 2004; Obernosterer et al., 2008b).

In the South Pacific Gyre, extreme isolation from terres-These experiments were performed at four experimental
trial influence results in a permanent situation of hyperolig- sites. These stations represented different trophic regimes
otrophy (Claustre et al., 2008). Picoplanktonic organisms,(Table 1): the mesotrophic area associated to the plume of
both heterotrophic and photoautotrophic, dominate commuthe Marquesas Island (1417, 8.19 S) (MAR), the ad-
nity metabolism in this area (Grob et al., 2007). Bacte-jacent medium nitrate, low chlorophyll waters (136.9V,
rial production is very low in the centre of the gyre and re- 9.04# S) (HNL), the hyperoligotrophic waters associated
lies upon autochthonous, photosynthetically derived organiavith the central part of the South Pacific gyre (114.02
matter as well as on changes in solar radiations as shown b26.04 S) (GYR) and the oligotrophic eastern side of the
the diel variability of bacterial production (Van Wambeke et gyre (91.39W, 31.89 S) (EGY). The GYR site has been
al., 2008a; b). Photo-autotrophic production is limited by selected from ocean color images as having the lowest sur-
nitrogen availability within the centre of the Gyre and is par- face chlorophyll concentration in the world ocean. Details
ticularly adapted to the very low amounts of dissolved iron of these on-deck incubations are fully described in Bonnet
present (Bonnet et al., 2008). In contrast, iron limits phy- et al. (2008). All experimental setups were performed us-
toplanktonic production within the Marquesas plateau. Ining strict trace metal clean techniques (Bruland et al., 1979)
addition, bulk DOC stock is particularly important in the inside a clean container. Briefly, seawater was collected at
south Pacific Gyre (Raimbault et al., 2008). One might ex-30-meter depth using a Teflon pump system and dispensed
pect dynamics of bacterial production to be also affected byinto acid-washed (Suprapur Merck HCL) transparent poly-
the lack of inorganic nutrients or iron and the limiting fac- carbonate bottles. Under a laminar flow hood, nutrients
tors to change across this vast, unexplored region of the easwere added alone and in combination to final concentrations
ern south Pacific. The purpose of this study was thus to deef 1M NH;lL (from ammoniac reagent) 2V NaNOsg,
termine which factors limited heterotrophic bacterial growth 0.3uM NaH2PO4, 2 nM FeCk, 10uM C-glucose (Table 2).
across a broad survey along longitudinal and vertical gradi-The bottles were incubated in an on-deck incubator with cir-
ents from Marquesas Plateau to the Chilean upwelling. culating surface seawater at appropriated irradiance (50%

ambient light level). The difference between circulated sur-
face water temperature and 30 m depth temperature was neg-
2 Materials and methods ligible at the three sites investigated (no more thag)1
Three bottles for each treatment were randomly selected and
To follow bottom-up factors controlling heterotrophic bacte- sampled destructively at 24 h and 48 h. A large set of pa-
ria, prefiltration of samples should be ideal. However, par-rameters were measured to follow nutrient concentrations,
ticularly in oligotrophic environments, organic material de- phytoplankton response (cytometric counts, variable fluores-
voted to bacterial growth is provided continuously through cence, chlorophyll, particulate primary production, Bonnet
regenerating processes by higher size-class organisms, bal., 2008), bacterial abundance and heterotrophic bacterial
that bottom up control is influenced by preying organisms.production.
This is particularly evidenced within the center of the south
Pacific Gyre site where the Redfield f ratio is close to zero,2.2 Non TMC
but becomes slightly positive only when considering atmo-
spheric di-nitrogen fixation (Raimbault and Garcia, 2008). We also investigated more systematically factors in-
In this case, the response of all members of the communitfluencing leucine incorporation rates using non TMC
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Table 1. Initial conditions of “trace metal clean” experiments.
BN: bacterial abundances.
PP: primary production.

T°C NO3 NH4 POq SiOHy Fe DOC Chl-a PP BN leu inc rate

uM M uM M M uM mgm3 mgCnm3dl x1Pmi~! pmolL~1h1
MAR 27.7 1.97 0.32 0.37 0.97 0.13 70 0.18 nd 9.6 26
HNL 27.7 1.82 0.04 0.31 0.91 0.14 70 0.11 9.1 8.9 27
GYR 221 bdl bdl 0.11 0.55 0.1 118 0.03 1.8 4.1 18
EGY 18.0 0.04 0.008 0.17 1.02 0.1 98 0.07 6.5 7.5 15

nd: not determined,
bdl: below detection limits, TC: temperature
* DOC concentrations come from the analysis of sea water sample collected at the nearest (in time) CTD cast.

Table 2. Summary of enrichment conditions.
Fe: iron, NH;: ammonium, N@: nitrate, Si: orthosilicic acid, P phosphate, GLU: glucose.

experiment code Fe NH NO3 Si POy C-GLU Incubation sampling
MAR* C
Fe 2nM 24-48 h in situ simulated 50% light screen
N 1uM  2uM  2uM**  0.3uM
al  2nM  1uM  2uM  2uM** 0.3uM
HNL* C
Fe 2nM
N 1uM  2uM  2uM**  0.3uM 24-48 h in situ simulated 50% light screen
FeN 2nM  1uM  2uM  2uM**  0.3uM
G 10uM C
GFe 2nM 10uMC
GYR* C
EGY* Fe 2nM
N uM - 2uM 24-48 h in situ simulated 50% light screen
FeN 2nM  1uM  2uM
al  2nM  1uM  2uM 0.3uM
G 10uM C
GFe 2nM 10uMC
routine C
bioassays** P 0.25uM 24 h in situ simulated 50% light screen
N 1uM  1uM
G 10uM
NPG 1uM  1uM 0.25uM  10uM

* “trace metal clean” conditions of manipulation.
** Si addition resulted in a slight contamination in Fe of about 0.1 nM.
*** non “trace metal clean” conditions of manipulation.

www.biogeosciences.net/5/833/2008/ Biogeosciences, 5, 833-845, 2008
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stricto refers to heterotrophic prokaryotes and heterotrophic
prokaryotic production, respectively. Indeed, prokaryotes in-
clude Bacteria and Archaea; and it has been shown that some
organisms in both groups are able to incorporate leucine
(Kirchman et al., 2007).

Nutrients were analyzed following standard colorimetric
methods on board (Raimbault et al., 2008). Chlorophyll-
a (Chla) concentrations given for the enrichment experi-
ments were analyzed fluorimetrically as described in Bonnet

Fig. 1. Transect of the BIOSOPE cruise from the Marquesas Island<Et al. (20(_)8) whereas pigment Concentrations were _measured
to Chile. In red, stations where “trace metal clean” enrichment ex-Systematically at each station during the transect using HPLC
periments were processed, in black, stations used for “non metamethod (Ras et al., 2008). Particulate primary production
clean” bioassays. Numbers indicate short-term stations, for whichvas measured on board in running seawater baths covered
only numbers have been indicated to simplify presentation, not thawith a 50% neutral screen. Incubations periods lasted on av-
complete code as in Table 3. For instance 1 is STB1 and 21 israge 5 h during morning time hours. Detailed methodology
STAZ21. and assumption used to convert hourly to daily rates are fully
described in Duhamel et al. (2007).

We used a non parametric test, the Mann-Whitney test in
experiments, i.e. incubated water sampled from Niskin bot-TMC experiments. Because this test lacks statistical power
tles and manipulated in a classical laboratory. Nutrientsyith small samples, we used it only when triplicate data
were added in order to obtain a final concentration ofwhere available in order to maintain comparison purpose.
1uMNH4CI+1uMNaNG;, 0.25uM NaHPOs, 10uMC-  When comparing the effect of one enrichment to the con-
glucose (Table 2). Transparent polycarbonate flasks of 60 miro| on a given variable, untransformed data were compared.
were used and incubated on average 24 h in simulated in SitWhen Comparing the degree of stimulation reached for one
conditions (on deck incubator, neutral screens). For the longiven enrichment between 2 variables, the enrichment factor
gitudinal trend (141W to 72° W, Fig. 1), seawater was sam- (j.e., ratio of rate (or stock) in enriched batch to the rate (or
pled at one single depth varying from 5 to 30 m accordingstock) in control unamended) were compared. The Wilcoxon

the CTD profile. The depths chosen were always within thesigned-rank test was used in non TMC experiments.
mixed layer, and corresponded to 50% incident light. We

also investigated factors limiting BP along vertical profiles at

sites GYR, EGY and UPW. The latter site corresponded to3 Results

the upwelling area off the Chilean Coast (73/g, 33.5 S, » - ) ) )

Fig. 1). For those experiments, for each depth sampled, five-1 Initial conditions prior to enrichment experiments
.60 ml polycarbonate flasks (C, P, N, G.‘ NPG) were Ir]CUbMEdA large gradient of nutrient concentrations and chlorophyll a
in a running seawater bath covered with a neutral screen cor-

responding to the incident light level. The deeper depth samy 23 observed along the transect (Table 3). Nitrate concen-

pled was below the euphotic zone and was incubated in th tr?rtéori?s)ra\r/]v%i?ef;;rzoﬂgggizt:(glisevalﬁgs tr? (’fri (iczgoaﬂwa s
dark in the incubator at in situ temperature. In situ light con- ' Phosp Y

. . detectable and above 120nM (Moutin et al., 2008). Chl-
ditions were then correctly reproduced (excluding UV ef- varied almost by 2 orders of magnitude (0.02 mgfin
fects), whereas a slight difference could be obtained with y 9 i

femperature: up (o°E diference at GYR (fo the 135 m |12 0%10% O Tle 908 © 14 S0 (0 e b
sample corresponding to 1% incident light:°C9in situ, 22 g5y ‘ P 9

B T T : )
during incubation), 2C at EGY and 2.2at UPW. 10to 164 pmpl Loh ” Higher values of ngtrlents, Ch
) ) . and leucine incorporation rates were obtained at the east-
Samples for bacterial abundances were fixed Withgm part of the transect, within the Chilean upwelling (sta-

paraformaldehyde at 1% and quick frozen in liquid nitrogen. ;j5ns STB20. STA21. site UPW). Stations between STB6
Within 2 months after the cruise, they were analyzed with ;4 sTR15 displayed lower Chl-stocks and leucine in-
SYBR Green | and run on a FACSCalibur flow cytometer aS corporation rates (meanssd 0.0270.009 mg Chla m—3

described in Grob et al. (2007). Bacterial production was de-11 g4 1 2 pmol - h~1, respectively). Vertical profiles of

termined using’sH.Ieucine technique coupled with the cen- qissoived iron indicated low (0.43.03nM) and constant
trifuge method with full methodological description in Van .,ncentrations from the surface to 80 m throughout most of
Wambeke et al. (2008a). Briefly, 1.5 ml seawater samplegyq transect (site STB4 to STB14, including GYR), and in-

or sub-samples from incubated flasks were incubated in the eased notably from station STA21 to the Chilean coast, to
dark for 1 to 2 h after addition of 20nM leucine. The terms o401 0.4 to 1.2nM in surface waters (also see Blain et al.

“heterotrophic bacteria” and “heterotrophic bacterial produc-zoog)_
tion” are used in the whole text by simplicity but sensus

MAR. | HNL

140°wW 1200w 100°W
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Table 3. Initial conditions prevailing in sea water samples used for routine bioassays. SST: sea surface temperature (used in running sea
water baths during incubations), Ghl Chlorophylla, Leu inc rate: incorporation rates of leucine into proteins, |d: below detection limits.

station depth Longitude Latitude date SST #HNO NH4 PO; Chl-a Leu inc rate
m oW °s °C  uM uM nM  mgm3 pmolL-1h1

MAR 5 141°14 0819 29-oct. 1.68 0.33 0.168 50.9

STB1 10 13405 1144 3-nov. 278 0.70(5m) 0.03 313 0.112 30.9

STB2 15 13206 1333 4-nov. 274 Id 0.01 208 0.088 29

STB3 15 12955 1532 5-nov. 27.1 0.046 0.004 193 0.055 21.4

STB4 15 12758 1714 6-nov. 26,5 Id Id 213 0.050 21

STB5 20 12833 1844 7-nov. 257 Id Id 163 0.038 15.9

STB6 25 12253 20027 8-nov. 245 Id 0.008 178 0.018 11.9

STB7 20 12022 2203 9-nov. 24.3 0.046 Id 143 0.022 13.4

STB8 30 11753 2333 10-nov. 234 Id Id 128 0.026 12.4

GYR 30 11400 2558 12-nov. 22.1 Id 0.02 128 0.028 10.8

STB11 30 10717 2746 20-nov. 213 Id [v] 123 0.032 12.4

STB12 30 10418 2832 21-nov. 212 Id 0.001 133 0.022 11.2

STB13 25 10228 2913 22-nov. 20 Id 0.0083 123 0.023 10.6

STB14 20 9823 30002 23-nov. 19.8 0.048 fd 138 0.027 10.5

STB15 15 9525 3047 24-nov. 18.7 Id 0.015 153 0.048 13.9

EGY 15 9r27 31°49 26-nov. 18.1 0.006 0.006° 178 0.074 17

STB17 15 8647 3223 1-dec. 17.3 2.65 0.116° 313* 0.116 20.3

STB18 15 8404 3240 2-dec. 174 3.64 0.119 388 0.147 16.6

STB19 15 8212 3301 3-dec. 172 2.76 0.132 373 0.066 17.5

STB20 5 7807 3321 4-dec. 17.6 0.095 268 0.274 51.5

STA21 5 7549 3336 5-dec. 16.8 0.071 358 0.218 54.6

UPW1 5 7322 3359 6-dec. 15.9 1481 1454

uUPw2 5 7321 3355 7-dec. 0.289 508 1.394 163.7
* refers to data acquired on another CTD cast sampled in an interval of few hours on the same site.
3.2 TMC experiments )R : .t ™ e I

_ 1000 I B I« I 200 * . 1
3.2.1 Heterotrophic versus autotrophic response. g 500 i .y 0 *}I” it
f:/ 0 o C F N al C F N al 0 2 C:NFNaIIZéF ;FNFNEHGGF
The extent of stimulation of phytoplankton and bacterial = 24h 48h 24h agh
biomasses and productions following various amendmentss **°) - 007 oy .
varied according to the station and the element tested.” 2 * 2 a0 [
Roughly, phytoplankton was significantly stimulated by Fe 1w . L - f*II wo I x5 f I
addition alone but also N addition alone at the MAR and 0 e e e o o E NFarG of o NFNarG of
24h 48 h 24h 48 h

HNL sites, by N at the GYR site, and responded mostly to
Fe+N (FeN, all) additions at the EGY site (Table 4). Leucine _ o ) _
incorporation rate was particularly stimulated by glucose at_F'g' 2. Evolution of leucine incorporation rates on bioassay exper-

the HNL site and by N at the GYR site. Stimulations were
less significant at MAR and EGY sites: Fe alone, but also N
alone stimulated leucine activity at the MAR site, whereas it

was glucose at the EGY site (Fig. 2, Table 4).
Besides the information concerning the limiting factor(s), GF:glucose-+iron.
we obtained the following general features: bacterial num-trate+ammonium, FN was nitrate+ammonium+iron and all
bers did not increase or, when increasing, always increasedlitrates+ammonium+phosphates-+iror. response significantly
less than leucine incorporation rates (HNL site in G and GFedifferent from the control at the same time, Mann Whitney test,
p<0.05 for all comparisons of enrichment factors). Chloro- 7<0.05.
phyll stocks either increased in the same proportion as the
primary production (GYR 24 h in N, FeN and all for in-
stance), or increased in less proportion than primary produc-

www.biogeosciences.net/5/833/2008/

all:

iments made under “trace metal clean” conditions. Mezausof
triplicate bottles sampled after 24 and 48 h of incubations. For MAR
and HNL enrichments were O: initial conditions, C: control non
enriched, F:+iron, N:+ nitrates+ammonium+phosphates+silicates,
nitrates+phosphates+silicates+iron,

G:+glucose,

For GYR and EGY N was only ni-

Biogeosciences, 5, 833-845, 2008
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Table 4. Summary of the factors of increase obtained after 24 and 48h incubations in “trace metal clean” experiments. Results are expressed
as the ratio of the mean value obtained divided by the mean value obtained in the non-amended control at the same time. For the lines
corresponding to non-amended controls (C), the italic values indicate the factor of increase relative to the control at time zero. Enrichment

codes correspond to Table 2. The parameters and their units before comparison are: chlor¢@hiyl; mg ni-3), bacterial abundance
(BN, cells mi-1), heterotrophic nanoflagellate abundances (HNAN, celislni14C-primary production (PP, mgCnid—1), leucine

incorporation rates (Leu pmolt! h=1), primary production per unit Chi-(spec PP, mgC mg Cla=1 d=1) and leucine incorporation rate
per cell (spec Leux10~22mol cel=! h—1). Empty places: parameter not sampled.

24h 48 h
Chl-A BN HNAN PP Leu spPP splLeu Chi- BN HNAN PP Leu spPP splLeu
MAR C 15 11 20.1 176 2 174
Fe 1.6 1.1** 1.8 1.7 3.0 2.1%*
N 1.7 1.1%* 2.1%* 1.8* 1.7+ 1.5%*
all 2.2¢%  1.2¢* 2.2¢* 2.0%  8.7%* 2.3
HNL C 145 11** 12 11 4.2+%* 0.8**  3.8** 1.3%* 12%*% 13 0.8** 2.6** 0.6** 22
Fe 1.4% 1 1.1 2.8 3.1 2.0°* 3.3 3.6 0.9 1.2 5.5 4.6 1.5%* 5**
N 1.9% 1 1.8 3.98%  2.3* 2.1%% 220 4.5 1 2.1 5. 7% 2.7 1.1 2.7
FeN 1.9* 0.9 1.7 4.3*%  2.9* 2.3 3.1 6.1 1 2 9.5  8.7** 1.4 9.1+
G 1.1 14 11.9"* 10.5* 1.1 14 6.3** 5.5*
Gfe 1.2¢% 1.2 21.7"* 18.8* 1.1 14 19.1%* 16.3*
GYR C 11 0.9 11 0.4** 0.8 04 0.9 0.7 11 0.5%* 1 0.7
Fe 1.5 1 1 1.1 1.4 0.6 1.4 1 1 0.7%* 0.5 0.7
N 2.2¢% 1 1.1 2.1%% 4.6 0.9 4.7 3.1 1.4 4.2¢%  8.9¢* 1.4
FeN 2.3* 1 11 2.4%  11.0% 1.1 11.06* 4 1.6 5.4%* 16.9* 1.4
all 2.1 1 2 2.0 16.0* 0.9 15.9* 3.3 1.8 4.5*  23.4* 14
G 1 1.1 il 3.1 1.4 3.5
GFe 1 1 3.4* 3.5¢* 15 4.9
EGY C 19 11 11 0.7%* 31  04** 27 18 11 11 0.8** 35  04** 31
Fe 0.9 1 1.2 1 14 11 14 14 11 1.6 1.3 15 1.3 1.3
N 1.2 1 1.3 1.1%* 1.3 0.9 1.3 1.6* 1 1.9 1.9%%  1.2¢* 1.2¢% 1.2¢*
FeN 1.2 1 1.2 15 1.1 1 11 2.6* 1 2 3.8 1.9 1.5  1.8*
all 1.3 1 1.6 1.8* 0.9 14* 1 3.0¢* 1.2 2.4 4.5 2%* 1.5%%  1.7%*
G 1 1.2 1.4 1.4 1 1.4 3.5%* 3.4
GFe - 1 1.1 1.8%* 1.7%* 1 1.7 — 2.3 2.4

** Indicates a response significantly differenpat0.05 after Mann Whitney test. This test was made only when triplicate data were available
for both pairs of data set compared (bold characters).

tion (HNL 24 h in Fe, N, FeN; HNL 48 h in Fe; GYR 48 h production (GYR “all”, after 24 hx 16 andx 2, respectively,

in N, FeN; EGY 48 h in N, FeN, allp<0.05 for all these Table 4, all these differences at 24h and 48h between en-
comparisons of enrichment factors). In addition, chloro- richment factors on leucine activity vs PP were significant at
phyll stocks increased after 48 h up to a factor of 6 (FeN atp<0.05). On the opposite, in the treatments N (24, 48 h) and
the HNL site), whereas bacterial abundances never increasdeeN (24 h) at the HNL site, and FeN (24, 48 h) and “all’(24,
more than a factor of 1.2 (“all” at the EGY site, GFe at the 48 h) in the treatments at the EGY site, primary production
HNL site and “all” at the MAR site). Factors of increase increased on average 1.6 times more than leucine incorpo-
of leucine specific activities were consequently very close toration rates (differences of enrichment factors significant at
those of the fluxes, whereas primary production per unit ofp<0.05). It must be noticed that these latter cases corre-
chlorophyll, when increasing, increased, on averageldd sponded to situations where phytoplankton and heterotrophic
less than photosynthesis rates (Table 4). bacteria were not stimulated primarily by the same factor
Out of these general trends, the intensity of the het-(i.e. N or Fe for phytoplankton and glucose for bacteria).
erotrophic response differed from the intensity of autotrophic
response. For instance, at the GYR site, both photosynthesi3.2.2
and heterotrophic production were stimulated after N addi-
tions (alone and combined: N, FeN, “all’), but leucine in- At the MAR site, the most significant increase was obtained
corporation rates increased up to 8 times more than primaryn the non-amended controk@0 in 24 h), whereas Fe alone,

Iron control on Heterotrophic Bacteria
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macronutrients N+P+Si (“N”) or a combination of all the nu- 3000 | grg 1
trients Fe+N+P+Si (“all”) lead to similar significant but low
response (1.8 to 2.2 times higher than the control at the same —— . - ]
time). There was no other additional effect after 48 h. At the 2000 | _I_
HNL site, only the glucose and glucose+Fe additions resulted
in a drastic increase of leucine incorporation rate&X and
x21), visible 24 h after enrichment, although significant, but
lower stimulations were obtained after Fe, N, and FeN en- 1000 1
richments. Atthe GYR site, Fe+N (FeN), and a combination
of all the nutrients Fe+N+P (all) resulted in a significantly ~~
higher leucine incorporation rates after 24>hi(, x 16, re- < 0 ‘ , ‘ ,
spectively) and 48 hX16, x23, respectively). The leucine — T P N G NPG
incorporation rate was also enhanced after N addition alone, © 2500
but on a lower extent, and not by Fe alone. Glucose (alone é STB 6
or in combination with Fe) results in a significant, but low B’ 2000 _I_
increase of leucine incorporation rate, even after 48h. At the §
EGY site, however, only glucose additions stimulated signif- S 1500
icantly leucine incorporation rates at 24 k1.8 in GFe at =
24 h). Significant increases of leucine activity were seen also g 1000
after 48 hin N, FeN and “all’ 1.2 tox1.9) butto alesser ~ &£
extent than after glucose additior3.5, Table 4, Fig. 2). 2. 500 -
The results obtained in the framework of these trace metal g [ —
clean experiments allowed us to draw some conclusions: i) % 0 —= ' ‘
iron was never a single factor limiting bacterial production, 3 T P N G NPG
ii) when stimulation by iron occurred, response in the un- - 280 1 STB 18
amended control (MAR site), in glucose amended samples 200 1 W3
(HNL) was greater, suggesting that the stimulation of bacte- - =
rial production after iron addition was a cascade effect. Con- 150 1
sequently, we assumed that effects of N, P and glucose addi
tions could be studied more systematically along the transeci 100
by using “non TMC” technique, and 24 h incubations should
be long enough to detect some stimulation, if occurring. 50 1 ’——H_‘ H-I_I "’m
3.3 Non TMC experiments 0 ' ‘ '
T P N G NPG

3.3.1 Longitudinal variability of nutrient control on Het-

. . Fig. 3. Typical results obtained from “non metal clean” bioassays.
erotrophic Bacteria 9 yp y

C: control, P:+phosphates, N:+nitrites+nitrates, G:+glucose, NPG:

. . . all 4 elements. Error bar represents variability within duplicate
Along the horizontal transect in the mixed layer, P alone e cine measurements in a single flask. At station STB18, triplicate

stimulated leucine incorporation rates only in 1 case over 23jasks were incubated. Station STB1: no stimulation, STB6: slight
tested (station STB4x2.2 higher than the control). How- stimulation with N, big stimulation with NPG, STB18: stimulation
ever, in that bioassay the addition of ¥3.4) and G alone  with glucose.

(x2.6) also resulted in an increase of leucine incorporation

rates. We thus discarded phosphorus as a potentially limiting

factor everywhere on the transect. At the opposite, effects ofyroup of stations, the leucine incorporation rates increased
N, glucose and NPG additions on leucine incorporation ratesignificantly only in the control (Wilcoxon signed-rank test,
showed three groups of responses. In the western part, froqp<0.05). In the second group of stations (STB6 to STB15,
the MAR site to station STB5, the leucine incorporation rate including the GYR site, see example of STB6, Fig. 3), the
was greatly stimulated simply by confinement during 24 h inleucine incorporation rates increased lesd (L to x5.3) in

a polycarbonate bottle (see example of STB1, Fig. 3). On avthe non-amended control (Fig. 4a). The median values of
erage, the median factor of increase of leucine incorporatiorstimulation factors for glucose, N and NPG additions were
rates was 39 (Fig. 4a). This is in agreement with the TMC x 1.4, x4.2 andx37.2, respectively (Fig. 4b). In this group
experiments conducted at the MAR site (Fig. 2). The medianof stations, the leucine incorporation rates increased signif-
values of stimulation factors werel.4, x1.1 andx2.6 for icantly in the control, in N and NPG —amended samples
glucose, N and NPG addition, respectively (Fig 4b). In this (Wilcoxon signed-rank tesfy<0.01). For the last group of
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100 = 3.3.2 \Vertical variability of nutrient control on Het-
(a) erotrophic Bacteria

° There were also varying stimulation factors of leucine in-
—_ corporation rates along vertical profiles. At the GYR site,
leucine incorporation rates increased after N addition at all
depths tested, even if nitrate was significantly detected be-
low 150 m (0.15«M at 185 m, 3.uM at 245 m, Fig. 5).
9 é Glucose, however, has a higher effect than N at 18588(
versusx4) and 245 m k495 versusx 190, respectively). At
1 ° the EGY site, the stimulation factor of leucine incorporation
MAR _St5 65115 EGY- UPW rates after 24 h addition of glucose progrgsswe!y increased
between 80 m and 250 nx@ up tox105). Stimulation by N
100 5 alone was non existent or low .2 at 40 mx 2.6 at 250 m),

] (b) although nitrogen was still undetectable above 40 m. Stimu-
lation by NPG also increased from the surface layet.(—
x2.9 above 30 m) to 250 mx@9). At the UPW site, only
effects of G and NPG were visible, being more or less con-

% stant and with poor increases (facterd) below 10 m. At
o ég °
e

10 4

Growth in the control

10 A [

Enrichment factor

= 5 m depth, none of the nutrients (alone or in combination)
L e il stimulated leucine incorporation rates.

A —_— —_— 4 Discussion
G N NPG G N NPG G N NPG

MAR - St 5 St6-St15 EGY- UPW 4.1 Abundance or production to track limitation?

Fig. 4. Mean results on bioassays realized in sub surface watersBecause both abundance and leucine incorporation rates have
varying from 5m (MAR, UPW areas) to 30m (GYR areala)  peen followed, one question is arising: What is the best in-
Box-plot distribution of the factor of enrichment in the non enriched icator for tracking factors limiting heterotrophic bacterial
(éomrol' ?Z?rtﬁﬁht'.nﬁL’bfat'g? L;]rr‘:errn"; S'iu;s'mgjt'a,tr?d dcogd:t'i:’i' . growth? The increase in leucine incorporation rates, when
Oxplot CIStribition of enrichmen. factors oblained atte - present, is either due to stimulation of a greater percentage

cubation in presence of nitrate+ammonium (N), glucose (G) and f acti lati the stimulati f1h i wth
phosphates+nitrates+tammonium+glucose (NPG). Enrichment fac! &8¢ 'Vg pqpu ation, orthe stimulation O, ?SpeC' IC gro
rate of individual cells, or some combination of these two

tor is the leucine incorporation rate after 24‘h amendments com- > )
pared to the leucine incorporation rate in the non-amended conProcesses, whereas bacterial abundance is also regulated by

trol at the same time. MAR — St 5 group (site MAR and stations grazing when intact sea water is manipulated, and should in-
STB1 to STB5,n=6), St 6-St 15 group (stations STB6 to STB8, crease more rapidly in pre-filtered samples. Indeed, bacterial
site GYR, stations STB11 to STB15, n=9), EGY-UPW (site EGY, abundance responds generally less than production to enrich-
stations STB17 to STA21, UPW1, UPW278). The middle line  ments in unfiltered samples (Kirchman, 1990; Pomeroy et
in the box is the median value. Limits of the box: upper 75th per-g| , 1995 ; Graneli et al., 2004). In our experiments, bacterial
centile, _Iower 25th percentile; limits of the error bar: 90th and 10th abundances showed a response upld® after enrichments,
percentiles; dots: outliers. whereas leucine incorporation rates increased up to 23 times
(Table 4), confirming these previous results. Within surface

i 0, “ - -
stations (EGY to UPW2), the leucine incorporation rates alsoWater atthe GYR site, only 25% of the "DAPI-labelled bacte

increased slightly in the non-amended contso2(1 to x 2.7 ria” showed distinct silver grains after microautoradiography

in 24 h between station EGY and STA21, bud.1 andx 3.5 coupled to hybridization in situ (Obernosterer et al., 2008a)

at stations UPW1 and UPW?2). The median values of stimu-SnggeSting inexistent or very low protein synthesis rate by

lation factors for glucose, N and NPG additions werk.6, a majority of the cells before enrichments. When adding

«1.1 andx 3.4, respectively (Fig. 4b, see example of STBlB,t.he. limiting factor, bacteria recovgred stoichiometric equi-
librium and/or energy capacity which gave them the capac-

Fig. 3). In this last group of stations, the leucine incorpora- itv to assimilate leucine aaain. Such unbalanced arowth is
tion rates increased significantly in the control, in G and NPG y ) gain. 9
often the explanation for the strong changes generally ob-

—amended samples (Wilcoxon signed-rank test0.05). served with the thymidine or the leucine technique, com-

pared to that of abundances (Carlson and Ducklow, 1996).
Thus the increase of leucine incorporation rate does not mean
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immediately a change in population. However, rapid growth Tchla(mgm?)  Leuinc (pmol I h-')  Enrichment factor

of gamma-proteobacteria after FeN and “all” additions (Van 00 01 02 03 04 05 0 1 w2 s 10 14 18

Wambeke, unpub. results) was observed at the GYR site af- ’ 3 ° 3°"‘J:

ter 48 h of enrichments. A shift in bacterial population is ol i GWR % o GYR

generally an obligatory consequence of long term confine- 100 4 100 v —

ment and enrichments (Pinhassi et al., 2006). The number =t \: 150g, — fo 124

of heterotrophic flagellates increased, suggesting that bacte- e **. 0] - Ji36

rial predation was also enhanced after some stimulation of =~ 2 S o /83

heterotrophic bacteria (GYR site, N enrichments, Table 4), ., ; — 245m —7';:393

and consequently regulated bacterial abundances. In conclu- 0 250 500

sion, the leucine incorporation rates were thus better indica- A A N 2 6 10 1o

tors than abundances for tracking factors limiting bacterial £ ey tom £y

growth. Nevertheless, responses could have been differentin_ *7 & o som

terms of intensity or delay with other tracers of heterotrophic £ o 3 100 som an

activity or using pre-filtered samples (Carlson and Ducklow, % 150 A 50 aom e

1996; Donachie et al., 2001). e . "~ . oo L3
. . . .. . 250m 105

4.2 Direct versus indirect limitation 2500 P 2500 " % /a

There has been much debate about direct (suppressionofa o, + | . "* = % 2 "

real limiting factor) or indirect (stimulation of phytoplankton i 8. o Pw

by the added component which induces a surplus of DOM 4 fom

production fuelling heterotrophic bacteria) effects of iron . . 20m —

and other macronutrients limitation on heterotrophic bacte- wpw 25m |

ria (Table 5). s6m

The timing and magnitude of responses of phytoplank- ‘ 100m —
tonic parameters (primary production, chlorophyll biomass) e :
compared to that of heterotrophic bacteria in the experiment PO, nM NO, uM

performed under TMC have helped to argue for possible di-

rect or indirect effect of nutrient additions. If iron alone in- Fig. 5. Distribution ofin situ chlorophyll a, leucine incorporation
duced a positive stimulation of leucine activity within the rates, nitrate and phosphate concentrations along vertical profiles, at
Marquesas plateau (MAR site), addition of other nutrientssites GYR, EGY and UPW and responses to bioassays. Bioassays
N+P+Si (“all”) without Fe stimulated leucine activity at the are expressed in terms of stimulation factor after N, G and NPG
same level (factor 2 Compared to the control at the same t|me6'idd|t|0n5 (Ieucine activity divided by leucine activity in the control
Fig. 2). In addition, chlorophyll biomass increased Comparedat the same time). Only stimulation factors greater than 2 were
to the control, by a factor equivalent to that of leucine activ- Potted:

ity in 24 h, and even more after 48h (factor 3, Table 4). It

is thus probable that the effect of Fe on leucine activity was

indirect. The major effect obtained at the MAR site is how- bacteria. However, all the other experiments have been per-
ever obtained in the non-amended contsoR( at the MAR ~ formed in the same conditions, and the non-amended con-
site in the “trace metal clean” conditions, Fig. 2), although trol did not increase that much. Possible other explanations
chlorophyll biomass increased only byl.5 in this control ~ are the change in the top-down control of bacteria or non
(Table 4). It is possible that sufficient amounts of labile steady state of bacterial growth at the time of the sampling
DOC were present, allowing a rapid bacterial growth with- at these stations. Day-to-day changes in in situ primary pro-

out any enrichment, which implies that heterotrophic bacte-duction, as well as in situ specific leucine incorporation rates
ria were not limited at all after a 24 h confinement at the have been observed during occupation of the MAR site (Van

MAR site. The capacity of bacteria to grow on bulk DOC Wambeke et al., 2008a) and argue for this second hypothesis.
was also seen in the vicinity of MAR site, up to P24, as At the GYR site, the addition of iron did not result in any

a strong growth in the non-amended controls was observedignificant increase of photosynthesis rates (Table 4). Al-
up to station STB5 (Fig. 4a). Interpretation of growth in though dissolved iron was low and constant along most of
a non-amended control is difficult because the use of batchhe transect0.1nM in surface), it was shown that phy-
experiments last for a few days. This implies to take intotoplankton was acclimated to iron deprivation in the cen-
account bottle effect: underestimation of the levels of thetre of the gyre (Bonnet el al., 2008). N addition alone (ni-
trophic web, and possible destruction of fragile cells duringtrate+ammonium) or in combinations (FeN, “all”) have all
handling that fuels labile organic resources for heterotrophicstimulated chlorophyll and primary production (24 and 48 h).

www.biogeosciences.net/5/833/2008/ Biogeosciences, 5, 833-845, 2008



842 F. Van Wambeke et al.: Bacterial production limitation in the South Pacific Gyre

Table 5. Review of factors enhancing some bacterial variables among different oceanic environments (Leu, Tdr: production based on Leucine
and Thymidine technique, BN: bacterial numbers, BS: bacterial size, EEA: ectoenzymatic activitiessjiration, BGE: bacterial growth
efficiencies, DIV: diversity). DCM deep chlorophyll maximum, PE-DOM : filtrate of heat killed plankton exts&83%.m), Me+Vit: trace
metals+vitamins, glu: glucose, DFAA: dissolved free amino acidsg:Ntfhmonium, NQ: nitrate, Fe: iron. Co refers to colimitatiofi.in

situ fertilization experiments. When carbon is limiting, and when the information was available, the terms imesaliccg, not clear and

energy) refer to the authors’ conclusions about energy versus resource limitation.

area date parameter followed nutrients tested limitation by effect direct

vs. cascade
Gulf of Mexico to Mississippi. river plume  Jan June 1993 Leu, BN, O NHy, POy, Me, +Vit, glu P Pomeroy et al., 1995
Sargasso Sea off Bermuda Juloct 92, Mar Jul 93, Jan 94  Leu, Tdr, BN, BS 4, PG, glu, DFAA, algal lysate Gresource) Carlson and Ducklow, 1996
Med Sea, Western, lonian, Levantine June and Sept 99 Leu 3, RQy, glu coC-P, P Van Wambeke et al., 2002
Med Sea, Catalano-Balearic Basin, surface  Jun 95, Jun Sept 96 Leu, BN 3, PR glu P, co C-P Sala et al., 2002
,DCM C,N
Med Sea, lonian, Cretan, Levantine Basins  Jan Feb 1995 Tdr, BN 4, @y, Fe, EDTA P Zohary and Robarts, 1998
Med Sea, Levantine (Cypprus Gyre) Leu, BN PG, P direct Thingstad et al., 2005
Subarctic Pacific, gulf of Alaska Sept 1987, May Aug 1988 Tdr, Leu, BN 4NDPFAA, glu, protein, alkylamines ~ Qenergy) Kirchman, 1990
Subtropical North Pacific, St ALOHA Dec 96-Apr 98 glucose uptake, EEA 4N¥HD3, leu, his, glu co N-Qnot clear) Donachie et al., 2001
Eastern North Pacific, California current June Oct 1992 2, BN, BGE PE-DOM,glu, NH, urea, PO4, DFAA  Cenergy) Cherrier et al., 1996
Eastern North Pacific, California current June 96, June 97 Leu, BN Fe not clear Hutchins et al., 1998
Eastern Equatorial Pacific, IRONEX II May 1995 Leu, BN Fe Fe not clear Cochlan, 2001
South East Pacific, Tuamotu atolls Nov 95, Mar 96 Tdr MNAQy, glu N, C, P, co C-N Tokton et al., 2000
Ocean around atolls C direct
South Eastern Pacific Gyre (this study) Nov-Dec 2005 Leu, BN Fey D3, POy, glu N direct This study
Antarctic, Gerlashe Strait October 1995 Fe Fe direct Palkulski et al., 1996
Southern Ocean, Atlantic sector austral summer 97/98 Leu, BN 4 B4 glu C Tortell et al., 1996
Southern Ocean, Atlantic sector, EISENEX  Nov 2000 Leu, Tdr, BN, EEA, DIV * Fe Fe not clear Arrieta et al., 2004

The leucine incorporation rate in the GYR site is statistically C limitation within DCM has been evidenced in the Mediter-
higher in N and G enriched sample than in the contrel.@ ranean Sea (Sala et al., 2002; Van Wambeke et al., 2002).

and x3 enrichment factor at 24 hx8.9 andx3.5 at 48 h, The rapidity of the response of heterotrophs versus au-
respectively,p<0.05, Table 4). The growth after N addi- totrophs after relieving the N limiting nutrient in the South
tion is not higher than that after G addition at 24 h, but it pacific gyre could have consequences on the metabolic bal-
is at 48 h <0.05). Thus, based on a 48 h response, itance of this environment. Recently, it has been shown that
seems that N addition provides better possibility to grow t05-10% of deep sea water mixed with water from the nutrient-
heterotrophic bacteria than addition of glucose alone. ThiSimited mixed layer of the North Pacific Gyre provided a set
trend is confirmed from non TMC experiments made alongof nutrient enrichment sufficient to significantly enhance the
different stations inside the gyre (STB6-STBL15). In thesenet community production after 5 days (Mc Andrew et al.,
experiments, the increase of leucine incorporation rates aftepo07). Thus, the question arises here if, in our nitrogen en-
glucose addition is lower that that obtained after N additionrichment experiments made at the GYR site, photosynthesis
(Wilcoxon signed-rank tes=0.038,n=9 pairs of compari-  was also notably favoured compared to respiration. Oxygen
son, box plots Fig. 4b). These results suggests that the limibudgets were not measured in our experiments, but as our
tation by N of bacterial production within the gyre is direct. stimulation factors were much greater with leucine incorpo-

But other observations suggest that labile carbon acts seration rates than particulate primary production, our results
quentially as a second limiting factor. Indeed, within the would suggest the opposite (i.e. enrichment would favour net
surface waters of stations STB6-STB15, addition of glucoseheterotrophy at the GYR site). Nevertheless, the leucine in-
alone did not stimulate leucine incorporation rates (Wilcoxoncorporation rate is not respiration, and possible changes in
signed-rank test between C and G enriched sampfe8, leucine conversion factors, as well as in bacterial growth ef-
pairs of comparisonp=0.07), but addition of N alone did ficiencies with time could not be ruled out. Indeed, the reliev-
(comparison C-N,p<0.01). However, leucine incorpora- ing of a factor limiting heterotrophic bacteria enhances bac-
tion rates increased statistically much more in NPG amendederial growth efficiency (Carlson and Ducklow, 1996). Also,
samples than in N amended samples (Fig. 4, median obur experiments lasted only 48 h, whereas significant chloro-
increasing factor switched fronx4.2 to x37, Wilcoxon  phyll biomass and net community production occurred only
signed-rank test between N and NPG enriched samyies,  after 4-5 days in the Mc Andrew et al. (2007) experiments.
pairs of comparisonp<0.01). Considering further that P Finally, the rates at which autotrophic and heterotrophic cells
never stimulated bacteria, we infer that in the area betweenieveloped in our experiment might have been influenced by
1222 W and 95 W, labile organic carbon rapidly becomes a enzymatic properties of uptake systems for ammonium and
limiting factor after N addition. nitrate which differs inside these two groups, heterotrophic

Within the deep chlorophyll maximum (DCM), however, bacteria being favoured by ammonium addition, whereas
glucose is the first limiting nutrient, not N (Fig. 5). A similar only nitrate were provided by deep sea water enrichments
switch from a mineral nutrient within surface layer to organic in Mc Andrew et al. (2007) approach.
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4.3 Carbon versus energy limitation of heterotrophic bac-tral summer situation. Our enrichment experiments have
teria shown that iron was never the single nutrient limiting bac-
terial production. From the vicinity of the Marquesas Is-
Because the organic molecule tested is also often an energyands to approx 125, the high response in the control sug-
rich molecule easily entering catabolic pathways (e.g. glu-gests no limitation. Nitrogen was the first factor limiting het-
cose), one could wonder if this carbon source is trackingerotrophic bacterioplankton within the surface layers in the
carbon resource limitation or energy limitation (Table 4). centre of the south Pacific Gyre, with labile carbon acting
Free glucose (not combined) is rare in this area (S#&p sequentially as a second limiting factor. Overall the surface
et al., 2008), suggesting that this molecule plays an impordayers around the eastern border of the South Pacific Gyre
tant role in energy restoration once added. DOC is probably91° W to the upwelling off Chile), labile carbon was the pri-
highly refractory, due to strong UV radiation effects (Tedetti marily factor limiting heterotrophic bacterial production.
et al., 2007). Indeed, it has been shown that growth of het- Because the weak horizontal advection in the centre of the
erotrophic bacteria at the GYR site after a one day UV ex-South Pacific Gyre and because intense seasonal convective
posure of DOM is partly inhibited (Serge et al., 2008).  mixing is excluded (Raimbault et al., 2008), this suggests
It is probable that the limitation in N and energy prevents that the situation of nitrogen limitation could be permanent
the synthesis of enzymes able to degrade the bulk accumuhroughout the entire year. However, nitrogen was a common
lated DOC present in this area (1181 at GYR, Table 1,  primarily factor limiting both phytoplankton and bacteria,
Raimbault et al., 2008). Indeed, in addition to changes inwhich probably had consequences on their relationships at
populations (Pinhassi et al., 2006), induction of some geneshort time scales. The heterotrophic bacterioplankton of the
after the relieving of some limiting nutrients has been ob-South Pacific Gyre lives in a very dynamic situation which
served (Arietta et al., 2004). Bacteria were described as enjs difficult to determine adequately, and current methods and
ergy limited in the South Pacific (Kirchman, 1990), and in tools for detecting limiting factors on short incubation time
the Eastern North Pacific (Cherrier et al., 1996), but resourceyre urgently needed.
limited in the Sargasso Sea (Carlson and Ducklow, 1996).
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