
HAL Id: hal-00092675
https://hal.science/hal-00092675v1

Submitted on 18 Feb 2021

HAL is a multi-disciplinary open access archive
for the deposit and dissemination of scientific re-
search documents, whether they are published or not.
The documentsmay come from teaching and research
institutions in France or abroad, or from public or pri-
vate research centers.

L’archive ouverte pluridisciplinaireHAL, est des-
tinée au dépôt et à la diffusion de documents scien-
tifiques de niveau recherche, publiés ou non, émanant
des établissements d’enseignement et de recherche
français ou étrangers, des laboratoires publics ou
privés.

HAL Authorization

Spatial distribution of heterotrophic bacteria in the northeast
Atlantic (POMME study area) during spring 2001

Melilotus Thyssen, Dominique Lefèvre, Guy Caniaux, Josephine Ras, Camila I.
Fernandez, Michel Denis

To cite this version:
Melilotus Thyssen, Dominique Lefèvre, Guy Caniaux, Josephine Ras, Camila I. Fernandez, et al.. Spatial dis-
tribution of heterotrophic bacteria in the northeast Atlantic (POMME study area) during spring 2001. Journal
of Geophysical Research, 2005, 110, pp.C07S16-16. ⟨10.1029/2004JC002670⟩. ⟨hal-00092675⟩

https://hal.science/hal-00092675v1
https://about.hal.science/hal-authorisation-v1/
https://about.hal.science/hal-authorisation-v1/
https://hal.archives-ouvertes.fr


Spatial distribution of heterotrophic bacteria in the northeast Atlantic

(POMME study area) during spring 2001
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[1] Heterotrophic bacteria abundances, total chlorophyll a (Tchla), and nitrate
concentrations were determined during the spring cruise (23 March–13 April 2001) of the
Programme Océan Multidisciplinaire Méso Echelle (POMME) in the northeastern Atlantic
between 39.0�–44.5�N and 16.6�–20.6�W. Sampling covered a grid of 81 stations
regularly spaced. Three bacteria subpopulations (HNA1, HNA2, and LNA) were resolved
by flow cytometry on the basis of their nucleic acid content, after staining with SYBR
Green II (molecular probes), and by their scatter properties. The bacterial distribution was
investigated down to 600 m depth. HNA2 were essentially observed in the upper 200 m
and were not present at all stations. HNA1 dominated in the surface layer and were
positively linked to Tchla. This relationship exhibited some heterogeneity due to the
latitudinal evolution of the phytoplankton bloom and the seasonal thermocline formation
already occurring in the south. In contrast, LNA dominated the bacterial subgroups below
100mdepth, and their distribution bore the fingerprint of the geostrophic current field and the
mesoscale features identified in the study area, i.e., cyclonic and anticyclonic eddies and
frontal structures.

Citation: Thyssen, M., D. Lefèvre, G. Caniaux, J. Ras, C. I. Fernández, and M. Denis (2005), Spatial distribution of heterotrophic

bacteria in the northeast Atlantic (POMME study area) during spring 2001, J. Geophys. Res., 110, C07S16,

doi:10.1029/2004JC002670.

1. Introduction

[2] Bacterial community in the open ocean plays an
important role in the carbon cycle by partially controlling
the flux of CO2 and its sequestration in deep waters through
the demineralization of organic matter in the upper layer
[Cho and Azam, 1988]. Indeed, bacteria have a great ability
to respond to increases of primary production rates by
raising their bacterial growth efficiency [Gonzalès et al.,
2003]. As a consequence, on a small scale, bacterial
distribution and community structure are tightly linked to
dissolved organic matter availability [Long and Azam,
2001]. The bacteria abundance is controlled by grazing
pressure [Jürgens et al., 2000], temperature, pressure, hydro-
dynamism and bottom-up control [Dufour and Torreton,
1996; Billen et al., 1990]. There is competition with phyto-
plankton for ammonia and phosphate in oligotrophic waters
[Wheeler and Kirchman, 1998; Kirchman and Wheeler,
1998].

[3] On a larger scale, heterotrophic bacteria biomass is
the most constant parameter observed in the oceans with
respect to the other heterotrophic and autotrophic groups [Li
and Harrison, 2001], even if their abundance may vary with
temperature [Hoppe et al., 2002]. Bacteria community may
represent the main stock of carbon and nitrogen in the
oceans [Fuhrman et al., 1989], and can exceed the autotro-
phic biomass [Fuhrman, 1992]. Two main subgroups were
usually discriminated through flow cytometry analysis: high
nucleic acid (HNA) and low nucleic acid (LNA) cells.
Gasol et al. [1999] and Lebaron et al. [2001] observed that
these two groups correspond to more and less active cells
respectively. However, the situation might not be so clear-
cut since, in different studies, some LNAwere found viable
[Grégori et al., 2003] and able to divide twice as fast as
HNA [Zubkov et al., 2001]. Jochem et al. [2004] showed
that LNA could be considered as an integral part of the
microbial food web, so that their contribution to production
and demineralization may be underestimated. Zubkov et al.
[2001] observed as well a difference in the vertical distri-
bution of these two bacterial subgroups, with a dominance
of LNA below the mixed layer depth.
[4] Thus the determination of the bacteria community

structure through DNA content, abundance, spatial distri-
bution is of importance when addressing their ecological
and biological implication that can be assessed by flow
cytometry [Li et al., 1995; Gasol et al., 1999; Troussellier et
al., 1999; Lebaron et al., 2001; Zubkov et al., 2001; Grégori
et al., 2003].
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[5] The winter mixed layer depth defined as the perma-
nent thermocline, is of crucial importance in areas where
nutrients are depleted, the spring bloom intensity being
conditioned by the subsequent surface layer enrichment
together with the seasonal thermocline formation [Dutkiewicz
et al., 2001; Siegel et al., 2002]. By advecting or convecting
watermasses [McGillicuddy andRobinson, 1997;Martin and
Richards, 2001], mesoscale features contribute to changes in
the ocean biogeochemistry and in particular to the nutrient
enrichment of the upper layer [Jenkins, 1988]. One of the
biological responses to these features results in a patchiness
distribution of the phytoplanktonic community [Martin,
2003] that is well observed when using remote sensing. The
bacterial distribution is less documented due to the lack of
sampling at a mesoscale level and the use of flow
cytometry is critical to achieve it due to its fast rate
analysis and easy use.
[6] Oceanic circulation is likely to have a lasting impact

on bacteria rather than phytoplankton whose growth will be
hampered by the turbulence and the subsequent reduction of
exposure to light [Martin et al., 2001]. One of the objectives
of the Programme Océan Multidisciplinaire Méso Echelle
(POMME) spring cruise was to investigate the occurrence
of the spring bloom in connection with the mesoscale
hydrodynamic features and the subducted waters. Eddies
present in the study area were supposed to make the
subduction heterogeneous or enhancing it, and affect the
spring bloom.

[7] In the present paper, we report on the spatial distri-
bution of the bacterial community in the POMME study
area, taking into account its hydrodynamic features. Data
were analyzed to establish to which extent the bacterial
distribution was mainly explained by the potential nutri-
tional pool (Tchla and nitrate) or by the physical constraints
such as geostrophic currents and mesoscale features. Results
provide evidence of the occurrence of both situations in the
study area during spring 2001.

2. Materials and Methods

2.1. Study Area and Sample Collection

[8] In spring 2001, from 23 March to 13 April, the
POMME spring cruise on R/V L’Atalante, a contribution
to the French POMME program, sampled a part of the
POMME study area located in the northeastern Atlantic
Ocean (Figure 1a), between 39.0�–44.5�N and 16.6�–
20.6�W. Eighty one stations were occupied along seven
north-south transects regularly spaced (0.7� of longitude
(Figure 1b)). Each transect was defined by 12 stations
spaced by 0.7� of latitude, station 1 being located at
16.6�E, 39.0�N. The sequence of the visited stations was
such that the closest stations of a given one were occupied
in a time interval of less than 5 days.
[9] Seawater samples were collected using a conductivity-

temperature-depth (CTD) probe (Seabird1 SBE 9) equipped
with an oxygen sensor (Seabird SBE 13) and a fluorometer

Figure 1. (a) Location of the study area in the northeastern Atlantic Ocean. (b) Stations occupied during
leg 1 of the 2001 Programme Océan Multidisciplinaire Méso Echelle (POMME) spring cruise (23
March–13 April), numbered in the order of their sampling. Labeled mesoscale features: A1 and A2,
anticyclonic gyre; C4, cyclonic gyre. The study area was subdivided into six regions to minimize the
nonsynopticity of the sampling when considering the relationships between bacteria, Tchla, and nitrate.
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(Seatech1) and mounted on a rosette of 21 Niskin bottles
(12 dm3). For bacteria analysis by flow cytometry,
seawater was sampled at 14 depths between 0 and 600 m.

2.2. Flow Cytometry

[10] Prefiltered (100 mm mesh size net) seawater samples
were preserved with 2% paraformaldehyde [Troussellier et
al., 1999] frozen onboard and stored in liquid nitrogen.
Back in the laboratory, samples were thawed at room
temperature and analyzed with a flow cytometer (Cytoron
Absolute, ORTHO Diagnostic Systems) equipped with an
air-cooled 488 nm argon laser. The sample and sheath rates
were 1 and 100 mm3 s�1 respectively.
[11] For each cell, five optical parameters were recorded:

two diffraction parameters, namely forward angle scatter
(related to the particle size) and right angle scatter (related
to cell structure), and three fluorescence parameters measur-
ing emissions in the red (�620 nm), orange (565–592 nm)
and green (515–530 nm) wavelength ranges. Data were
collected and stored in list mode with the IMMUNOCOUNT
software (ORTHO Diagnostic Systems). This software pro-
vides directly the cell concentration (cells mm�3) of the
resolved subpopulations. Cluster analyses were run with
WINLIST software (VERITY1 Software House).
[12] Bacteria that required staining of their nucleic acids

to become fluorescent upon the 488 nm laser excitation
were labeled heterotrophic bacteria even though some of
them might be photoheterotrophic [Kolber et al., 2000,
2001]. This labeling was of common use until the recent
discovery of this new component of the bacterial commu-
nity and keeping its use makes easier comparisons with
previous works. For the staining of the bacteria nucleic
acids, 1 cm3 seawater subsamples were supplemented with
10 mm3 SybrGreen II (from the Molecular Probes1 solution
diluted 1/5000 in final solution) and incubated 15 min in the
dark before analysis. Counting reproducibility was better
than 3.7% (CV, n = 23) over a range of concentration
extending one order of magnitude [Grégori et al., 2001].
Flow cytometry does not give access to species identifica-
tion (except in the case of in situ hybridization) and the
subpopulations resolved by flow cytometry may be com-
posed of several species [Zubkov et al., 2001]. There is no
reference to species in our work and the observed changes
in the analyzed subpopulations properties may either occur
within the same species or derive from changes in species
composition or both.

2.3. Total Chlorophyll a

[13] A volume of 2.7 dm3 of seawater was filtered on GF/
F filters that where stored in liquid nitrogen for laboratory
analysis. Total chlorophyll a (Tchla = chlorophyll a +
divynil chlorophyll a + chlorophyllid a) was extracted with
3 cm3 methanol and analyzed by high performance liquid
chromatography (Agilent 1100 HPLC) which was config-
ured to a reverse phase C8 Hypersil MOS column (dimen-
sions: 3 � 100 mm, 3 mm pore size) and Thermoquest
AS3000 autosampler [see Claustre et al., 2004]. The
detection limit was 0.001 mg m�3.

2.4. Nitrate

[14] Samples for nitrate (NO3) analysis were collected
into 20 cm3 polyethylene bottles that were prerinsed with

10% hydrochloric acid. Samples were analyzed immediately
using a Technicon1Auto Analyzer according to Tréguer and
LeCorre [1975].Nitrate detection limit was 0.050 mMwith an
error estimated at 0.040 mM.

2.5. Mixed and Euphotic Layer Depths and
Mesoscale Features

[15] The euphotic layer depth (ELD) was calculated from
Tchla profiles using the model developed by Morel and
Maritorena [2001] where Tchla content in the water column
was obtained by integrating chl a over depth. ELD values
were further refined through an iterative process described
by Morel and Berthon [1989]. The mixed layer depth
(MLD) was derived from the depth where the vertical
density difference with surface exceeded 0.02 kg m�3.
[16] In order to study the impact of physical mesoscale

features on bacteria spatial distribution, geostrophic current
fields were used. CTD, expendable bathythermograph
(XBT), and expandable conductivity-temperature-depth
(XCTD) data sets were used in order to produce high-
resolution temperature and salinity analyses which were
interpolated vertically onto 65 vertical levels (5 m near the
surface and 300 m at depth) and then objectively analyzed
onto a 5 km horizontal grid for all vertical levels. The first
guess of the analyses was derived from the temperature and
salinity [Levitus and Boyer, 1994; Levitus et al., 1994]
climatology. At each point of the grid, the climatology
was corrected, following the procedure of de Mey and
Ménard [1989]. From these analyses, currents were com-
puted at each level through the geostrophic approximation
by using a level of no motion located near 1400 dbar as was
done by Stramma [1984]. A detailed description of this
procedure is described in a former article in the frame of the
POMME experiment [Fernández et al., 2005a].

2.6. Multiple Correspondence Analysis

[17] The variability of the bacteria subpopulation distri-
bution over the study area was investigated using a multi
correspondence analysis (MCA) [Benzécri, 1980;Greenacre,
1984] under R package [Ihaka and Gentleman, 1996] (http://
www.r-project.org). The MCA is a weighted principal com-
ponent analysis of a contingency table based on the chi-square
distance between categories of each variable. Thus it
summarizes relationships between quantitative data that
are qualitatively transformed through categorization, and
displays them graphically in a space that has as few
dimension as possible.

3. Results

3.1. Hydrodynamical Situation

[18] A full description of physical features and hydrolog-
ical properties of the investigated area is provided in the
present issue [Assenbaum and Reverdin, 2005; Le Cann et
al., 2005; Fernández et al., 2005a].
[19] Three main eddies (Figure 1b) were identified: a cold

core cyclonic eddy (C4, 42�N–19.5�W), a cold core anti-
cyclonic eddy (A1, 43�N–18�W) and a warm core anticy-
clonic eddy (A2, 40�N–19.5�W [see also Fernández et al.,
2005a]). Two frontal systems set the transition between the
northern and southern areas [Fernández et al., 2005a;
Mémery et al., 2005]. One was located between A2 and
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C4 on the western side of the study area whereas the other
was positioned at about 41�N on the eastern side and
characterized by the deepening of the 26.9 kg m�3 iso-
pycnal. The area north of this front exhibited colder waters
(sea surface temperature of about 13.5�C), high nitrate
concentrations [Fernández et al., 2005a], and a deep mixed
layer (78 ± 54 m mean). In contrast, the area south of this
front had a sea surface temperature reaching 16�C, nitrate
concentrations at the limit of detection, and stratified waters
with a shallow mixed layer (31 ± 24 m mean).

3.2. Bacterial Subpopulations

[20] The flow cytometry analyses distinguished three
bacterial subpopulations on the basis of their nucleic acid
staining and side scatter signals. These subpopulations were
labeled LNA, HNA1 and HNA2 from their low and high
nucleic acid contents respectively (Figure 2a). HNA1 and
LNA reached maximal abundance values of 8.5 and 10.6 �
105 cells cm�3 in surface waters respectively. HNA2
bacteria were not present at every station and were essen-
tially observed in surface waters. They exhibited higher
green fluorescence and higher side scatter signals than
HNA1 bacteria. HNA2 reached mean abundance values of
3.8 104 ± 4.1 � 104 cells cm�3 with a maximal value of 3 �
105 cells cm�3.
[21] The overlapping of stained Prochlorococcus in the

green fluorescence versus side scatter cytograms was
accounted for by using the red fluorescence that distin-
guishes Prochlorococcus from heterotrophic bacteria as
defined here above (Figure 2b) [Sieracki et al., 1995].

3.3. Biological Impact on Bacterial Distribution

[22] The nonsynopticity of the sampling may induce
some confusion between the temporal shift of the phyto-
plankton bloom and the bacterial development, generating

difficulties in interpreting the bacterial abundance distribu-
tion. The study area was thus divided into six regions
(Figure 1b) as a compromise between the nonsynopticity
of the sampling and the latitudinal differences in hydrolog-
ical and biological parameters. The Tchla, nitrate and
bacteria integrate values were calculated over 300 m depth,
corresponding to the limit of the Tchla sampling. Indeed,
some low Tchla concentrations (<0.045 mg Chl a m�3)
were observed at this depth at stations 12, 14, 17, 18, 24,
and 77.
[23] Areas 1 and 2 correspond to the northwest and north-

east parts of the grid (Figure 1b). Their main characteristics
were deep MLDs, high nutrient concentration (2140 ±
242mmolNO3m

�2 (Figure 3b)), low sea surface temperature
(�13�C), shallow isopycnal (26.9 kg m�3 at 73 m) and Tchla
integrated values of 48.5 ± 10.7 mg Chl a m�2 (Figure 3a).
The maximum average bacterial integrated abundance values
were observed in this area (Table 1), with no significant
difference between area 1 and area 2 (Table 2). Area 3 was
located at the western side of the central study area and was
characterized by significantly (t test, p < 0.05) higher nutrient
and lower Tchla contents: 2387 ± 601 mmol. NO3 m

�2 (t =
1.98, n = 14) and 39.5 ± 8.6 mg Chl a m�2 (t = 2.54, n = 15)
respectively as compared to 1986 ± 368 mmol. NO3 m

�2 (n =
8) and 58.6 ± 7.65 mg Chl am�2 (n = 10), in the eastern side
respectively (Figures 3a and 3b). Area 4, situated in the
eastern side of the central study area (41�–43�N), was
delimited to the west by a longitudinal jet flowing
between A1 and C4 [Fernández et al., 2005a] and pre-
sented the highest values of Tchla, up to 115 mg Chl a m�2

(station 39), near the frontal zone (�41.5�N (Figure 3a)).
Bacteria were not significantly more abundant in area 4
(Table 1) than in area 3 (Table 2); the observed small
difference was mostly due to LNA that were significantly
more abundant in the area 4 (Tables 1 and 2). Area 5 included

Figure 2. (a) Green fluorescence (arbitrary units) versus side scatter (SWS, arbitrary units) cytogram.
(b) Red versus green fluorescence cytogram. Prochlorococcus cells were subtracted from bacterial counts
in Figure 2a by using their red fluorescence shown in Figure 2b.

C07S16 THYSSEN ET AL.: BACTERIA IN THE NE ATLANTIC OCEAN

4 of 16

C07S16



F
ig
u
re

3
.

S
p
at
ia
l
d
is
tr
ib
u
ti
o
n
o
f
in
te
g
ra
te
d
v
al
u
es

(o
v
er

0
–
3
0
0
m
)
o
f
(a
)
T
ch
la

co
n
te
n
t
(m

g
C
h
l
a
m

�
2
),

(b
)
n
it
ra
te

co
n
ce
n
tr
at
io
n
(m

m
o
l
N
O
3
m

�
2
),
an
d
(c
)
H
N
A
2
in
te
g
ra
te
d
ab
u
n
d
an
ce

d
er
iv
ed

fr
o
m

th
e
d
if
fe
re
n
ce

b
et
w
ee
n
to
ta
l
b
ac
te
ri
a
an
d

H
N
A
1
+
L
N
A

in
te
g
ra
te
d
ab
u
n
d
an
ce
s.
S
ee

co
lo
r
v
er
si
o
n
o
f
th
is
fi
g
u
re

at
b
ac
k
o
f
th
is
is
su
e.

C07S16 THYSSEN ET AL.: BACTERIA IN THE NE ATLANTIC OCEAN

5 of 16

C07S16



the anticyclonic eddy A2 (Figure 1b) and was characterized
by deeper isopycnal (26.9 kg m�3 at 230 m), high sea surface
temperatures (�16�C) and high Tchla integrated values
(mean 52.2 ± 10.2 mg Chl a m�2 (Figure 3a)) with a
maximum Tchla concentration of 1.77 mg Chl a m�3 at
station 71 (20�W, 20 m depth). Area 6 occupied the south-
eastern part of the grid and showed lower Tchla integrated
values (mean 48.2 ± 12.4 mg Chl a m�2 (Figure 3a)).
Globally, this southern region (areas 5 and 6) exhibited
the lowest integrated concentrations of nutrients (1720 ±
466mmol. NO3m

�2 (Figure 3b)). Bacteria were significantly
less abundant in the southeast corner than in the southwest
corner; in that case, the difference was due to HNA1 that were
significantly more concentrated in the A2 area.
[24] TheHNA2were not present down to 300mdepth at all

stations. Consequently, their contribution to the total inte-
grated heterotrophic bacterial abundances was derived from
the difference between total bacteria and HNA1 + LNA
integrated abundances (Figure 3c). They were mostly present
in the areas 1, 3 and at the eastern side of A2 in area 5
(Figures 1b and 3c).
3.3.1. Bacterial Abundances and Tchla Concentrations
in the Euphotic and Mixed Layers
[25] Either when considering the whole study area or the

six zones into which it was subdivided, no significant
relationship was observed between abundances of bacterial
subpopulations and Tchla concentrations whether in the
mixed or the euphotic layer. The positive slope of the
regression between log transformed concentrations of bac-
teria and Tchla provides evidence for an increase in bacterial
abundance following an increase in Tchla concentration
[Buck et al., 1996; Cole et al., 1988; see also Li et al.,
2004, and references therein]. Most of the analogous slopes
reported in the literature are <1, but the related studies
concerned the whole bacterial community. HNA1 exhibited
a slope �1 in the ELD of areas 1 and 2 and the MLD of
areas 2 and 4 (Table 3). Furthermore, slopes corresponding
to HNA1 were always higher than that of LNA, except in
the MLD around A2 (area 5 (Table 3)).
3.3.2. Integrated Tchla and Bacteria Concentrations
Over the Euphotic and Mixed Layer
[26] A significant relationship was found between the

MLD and the bacteria abundance integrated over it (r2 =
0.8, n = 69, p < 0.01), which could be accounted for by
large variations of the MLD (from 5 to 216 m, data not
shown). Indeed, south of 41�N, the summer stratification
was under progress, inducing an average MLD of 25.7 ±
21.1 m, whereas it was 36.7 ± 24.6 m in the central area and
91.6 ± 52.7 m north of 43�N,with a maximum value of 216m
at 44.5�N–20�W. The regression between integrated total
bacteria abundances (cells m�2) and Tchla (mg Chl a m�2)
was found to follow a power function within the MLD
(Table 4). When considering separately integrated abun-
dances of HNA1 and LNA, the regression was greater in
the central area between 41 and 43�N (r2 = 0.83 and 0.88

respectively, p < 0.01) than elsewhere (see Table 4). The
northern area was very rich in bacteria with a maximum
integrated abundance of 1.33 1013 cells m�2 and a small
difference between HNA1 and LNA integrated abundances
(0.45 and 0.69 1013 cells m�2 respectively for the deepest
MLD (216 m; station 17: 44.5�N, 20�W)).
[27] The depth of the euphotic layer did not exhibit such

large changes and averaged 52.5 ± 8 m. No relationship was
found between bacteria and Tchla concentrations integrated
over the euphotic layer.
[28] We determined the ratios of integrated (over the

mixed and euphotic layers) vertical distributions of bacteria,
Tchla, and nitrate (IB(MLD)/IB(ELD), IT(MLD)/IT(ELD),
NO3(MLD)/NO3 (ELD) respectively) and plotted these ratios
as a function of the ratio (MLD/ELD) of the corresponding
layer depths (Figure 4).
[29] When the MLD was deeper than the ELD (MLD/

ELD > 1), the ratios IB(MLD)/IB(ELD) and IT(MLD)/IT(ELD)

deviated below the bisecting line. This was more pro-
nounced for the IT(MLD)/IT(ELD) ratio, because ELD was
derived from the Tchla vertical distribution. Stations with
such ratios were located in the northern part of the study
area. TheTchla concentration integrated over the upper 300m
reached 78 mg chl a m�2 at station 15, well above the
average value of 48.7 ± 13.68 mg chl a m�2. The
IB(MLD)/IB(ELD) ratios located below the bisecting line
corresponded to stations in the central area, particularly
around A1 (stations 40, 42, 39).
[30] For MLD/ELD values in the range 0.5–1, the

IB(MLD)/IB(ELD) ratios located above the bisecting line
highlight the fact that the mixed layer, though shallower
than the euphotic layer, was concentrating an important
fraction of the bacteria. Some associated NO3(MLD)/
NO3(ELD) ratios were located below the bisecting line,
expressing the role of barrier played by the bottom of the
MLD with respect to the biological community. Stations
corresponding to that situation were associated to strong jets
observed around C4 and A2 (Figure 1b) [Fernández et al.,
2005a] and in the frontal zone separating these two eddies.
[31] When MLD/ELD was <0.5, the mixed layer was

very shallow and the related stations were located in the
region of the A2 gyre (Figure 1b).
3.3.3. Vertical Distribution of Bacteria
Subpopulations (HNA1 and LNA)
[32] When considering the whole study area the average

distributions of HNA1 and LNA appeared not significantly
different above 100 m and below 300 m depth (not shown)

Table 1. Average Integrated Bacteria Concentrations ±SD in the Upper 300 m for the Six Areas Defined in Figure 1

Area 1 (n = 13) 2 (n = 11) 3 (n = 15) 4 (n = 9) 5 (n = 16) 6 (n = 10)

Average total bacteria, 1013 cells m�2 14.2 ± 3.16 14.2 ± 3.16 12.41 ± 2.18 14.15 ± 3.03 13.6 ± 2.72 11.23 ± 2.61
Average HNA1, 1013 cells m�2 6.56 ± 1.82 7.24 ± 1.15 6.03 ± 1.22 6.40 ± 1.34 6.62 ± 1.60 5.07 ± 2.23
Average LNA, 1013 cells m�2 7.04 ± 1.31 7.79 ± 0.87 5.94 ± 1.18 7.68 ± 2.77 6.78 ± 1.67 5.90 ± 1.21

Table 2. Relationships Between Averages Integrated Bacteria

Concentrations From Distinct Areas

Total Bacteria LNA HNA1

(1 + 2) > (3 = 4) 3 < 4a 3 = 4
(1 + 2) > (5 > 6a) 5 = 6 5 > 6b

aT test p < 0.02.
bT test p < 0.03.
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whereas between 100 and 300 m depth, HNA1 were less
abundant (maximal average difference of 13.5% at 150 m
depth) than LNA (t = �13.9, p < 0.001, n = 578). Below the
MLD, LNA were more abundant than HNA1 (50.71 ±
8.07% and 47.98 ± 8.06%, t = �6.34, p < 0.001, n =
696). In Figure 5 are displayed the vertical average distri-
butions of HNA1 and LNA abundances (Figures 5a, 5d, 5g,
5j, 5m, and 5p), their relative percentages (Figures 5b, 5e,
5h, 5k, 5n, and 5q) and the Tchla vertical distribution
(Figures 5c, 5f, 5i, 5l, 5o, and 5r) for each of the six regions
defined in Figure 1b. In the northern study area (areas 1 and
2 of Figure 1b), the distributions of both subpopulations
were not significantly different in the upper 100 m
(Figures 5a, 5b, 5d, and 5e), which can be accounted for by
the presence of large MLDs. In contrast, HNA1 percentages
in the upper 100 m were significantly higher than LNA
percentages in the center west (area 3, t = 5.36, p < 0.01,
n = 8 (Figures 5g and 5h)) and in the southwest (area 5; t =
4.10, p < 0.01, n = 8 (Figures 5m and 5n)) while LNA
percentages were significantly higher than HNA1 percen-
tages in the southeast (area 6; t = 4.63, p < 0.01, n =
8 (Figures 5p and 5q)). Between 100 and 300 m depth, LNA
were significantly more abundant than HNA1 (t = 10.4, p <
0.01, n = 19) except for the center west (area 3 (Figure 5h)).
Underneath the highest surface Tchla concentrations (center
east (area 4 (Figure 5k)) and southwest (area 5 (Figure 5n)),
both subgroups were significantly distinct from each other
between 100 m to 400 m (t = 5.47 and t = 5.68 respectively,
p < 0.001, n = 5), with maximal percentages for LNA.

3.4. Evidence of Physical and/or Biological Influence
on Integrated Bacteria Distributions

[33] Figure 6 displays the spatial distribution of integrated
abundances of HNA1 and LNA over 300 m depth super-
imposed on the upper layer geostrophic current field to-
gether with the locations of the main cyclonic (C4) and
anticyclonic structures (A1 and A2). The spring cruise was
characterized by high geostrophic current values and a
strong northward jet was observed along the eastern edge
of C4 and the western edge of A1 (�0.2 m s�1). Two
southward jets were observed at the western edge of C4 and
at the eastern edge of A1 (Figures 6a and 6b).

[34] The distribution of LNA integrated values was influ-
enced by the main geostrophic currents, as suggested by the
low abundance values observed between C4 and A1 and the
high abundance values on the eastern side of A2 (Figure 6a).
The HNA1 integrated abundance values also matched the
fingerprint of these currents to some extent, but the observed
relationship was less obvious in that case. Indeed, high values
of HNA1 integrated abundances were observed at 42�N,
encompassing the northward jet. Tchla was present in high
concentrations in this area as shown in Figure 3a. In the region
occupied by A2, the distribution of HNA1 and LNA inte-
grated values was bearing the anticyclonic signature.

3.5. Mesoscale Effect on Bacterial Distribution:
Multiple Correspondence Analysis

[35] Two successive multiple correspondence analyses
(MCA) were applied to provide and quantify evidence for
the mesoscale impact on bacterial distribution. The first
MCA included the whole data set: categorizing the nutrient
variables, the bacterial subpopulation variables, depth, tem-
perature, density and fluorescence. Results did not reveal
any mesoscale impact on the bacterial community, essen-
tially because of the occurrence of a Guttman effect (not
shown), implying a major role of the first axis and all the
other axes being a function of the first one, in agreement
with the previous correlation results.
[36] In the second MCA, the number of parameters was

limited and we took advantage of the possible links ob-
served between bacterial integrated distribution and geo-
strophic currents delimiting the main hydrodynamical
features (Figure 6a). To this purpose, the study area was
divided into nine regions as depicted in Figure 7,
corresponding roughly to hydrodynamical rather than bio-
geochemical characteristics as previously done. These sub-
divisions, based on a subjective visual compromise between
bacteria distribution and hydrodynamical features, are as
follow: (1) NE and (2) NW in the northern area, (3) CW1
and (4) CW2 representing the eastern and western side of
C4 respectively, (5) CE covering the center east and
partially including A1 and the frontal zone around
41.5�N, (6) FR, the frontal zone separating C4 from A2,
(7) A2W and (8) A2E the western and eastern sides of A2
respectively and finally (9) SE, the southeast corner of the
study area.

Table 3. Values of Slope and y Intercept of the Linear Regression

Between log10 (HNA1 or LNA Abundance) and log10 (Tchla

Concentration) Over the Mixed and Euphotic Layers of the Six

Regions Defined in Figure 1

log (bacteria) = a log (Tchla) + b

Area (Figure 1)

1 2 3 4 5 6

ELD
HNA1
Slope (a) 1.55 1.00 0.98 0.86 0.57 0.87
y intercept (b) 5.94 5.83 5.80 5.66 5.64 5.54

LNA
Slope (a) 1.37 0.65 0.69 0.69 0.45 0.72
y intercept (b) 5.91 5.72 5.63 5.60 5.56 5.56

MLD
HNA1
Slope (a) 0.58 1.13 0.82 1.13 0.41 0.67
y intercept (b) 5.70 5.89 5.68 5.71 5.39 5.51

LNA
Slope (a) 0.49 0.87 0.51 0.93 0.47 0.50
y intercept (b) 5.68 5.80 5.50 5.64 5.35 5.48

Table 4. Relationships Within the Mixed Layer of Different

Regions, Between Integrated Bacteria Abundance (IB) and

Integrated Tchla (IT)a

Area
Bacteria

Distribution
Average Mixed
Layer Depth, m n

IB = a IT

r2a b

Study area IBTotal 70 8.09E+11 1.16 0.80
North of 43�N IBHNA1 91.6 ± 52.7 23 5.23E+11 1.12 0.68

IBLNA 91.6 ± 52.7 23 4.04E+11 1.20 0.73
Central area
(41�–43�N)

IBHNA1 36.7 ± 24.6 21 7.37E+11 0.95 0.83

IBLNA 36.7 ± 24.6 21 7.59E+11 0.89 0.88
South of 41�N IBHNA1 25.7 ± 21.1 25 2.18E+11 1.01 0.63

IBLNA 25.7 ± 21.1 25 5.01E+11 1.28 0.58
aIBTotal, integrated total bacteria abundance; IBHNA1, integrated HNA1

abundance; IBLNA, integrated LNA abundance. IB is in cells m�2 and IT is
in mg Chl a m�2.
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[37] The large data set of bacterial abundance does not
provide evidence for a large variability that would differ-
entiate biotic or abiotic factors. To study the mesoscale
impact on the bacterial population, we used two approaches
based on (1) total bacterial abundances and (2) subgroup
percentages respectively. Therefore we determined six clas-
ses of stations corresponding to values greater than the
average ± standard deviation (extreme values) for each
depth at each station (Table 5). Thus both MCAs were
run involving four factors each: (1) regions (Figure 7),
Abdc >, Abdc200m> and Abdc< (Table 5) and (2) regions
(Figure 7), HNA1>, LNA> and HNA2> (Table 5). Each
parameter of Table 5 was expressed by two modes (present
or absent). These modalities were organized in a disjunctive
table and then plotted after calculating their correspondences.

3.5.1. Contrasts in the Bacterial Distribution
Through Extreme Situations: The MCA Classes
[38] The six classes described in Table 5 were contrasting

with the average bacterial distribution and provided evi-
dence for abundance variability. Bacteria at stations belong-
ing to Abdc> class (Table 5) were 29% more concentrated
while bacteria at stations belonging to Abdc< class were
25% less concentrated than the average bacterial concen-
trations over the whole study area. Stations belonging to
Abdc200m> were grouping the extreme values below 200 m
depth among those used to select Abdc> stations. These
bacteria maximal abundances below 200 m essentially
corresponded to LNA (1.72 � 105 cells cm�3 against
0.793 � 105 cells cm�3 for the overall average value).
HNA1 were also present in higher concentrations than the

Figure 5. Vertical abundance (106 cells cm�3) distribution of heterotrophic bacterial subpopulations and
Tchla concentration in the study area subdivided into six parts (see Figure 1b). Each graphic number is
related to the region number used in Figure 1b. Dotted lines represent the average MLD of the region. For
each of these divisions: (a, d, g, j,m, p) average vertical profiles ±SDofHNA1 andLNAabundances; (b, e, h,
k, n, q) average vertical profiles ±SD of HNA1 and LNA relative abundance percentages; and (c, f, i, l, o, r)
average vertical profiles ±SD of Tchla concentrations. Note that the depth scale for Tchla is different from
that for bacteria.
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overall average (1.24 � 105 cells cm�3 against 0.75 �
105 cells cm�3).
[39] Stations belonging to the HNA1> class (Table 5)

were characterized by an average HNA1 abundance per-
centage of 59.5% to be compared to 48.2% for the whole
data set and HNA1 made the major subpopulation in the
upper 100 m (not shown). Below 100 m depth, HNA1 and
LNA bacteria abundances were very close. Stations belong-
ing to the LNA> class were characterized by an average
LNA abundance percentage of 61.0% compared to 49.7%
for the whole data set. At these stations, LNA made the
dominant subpopulation over the sampled water column,
with a maximum percentage of 72.0% at 150 m depth (not
shown).
[40] The MLD was shallower at stations belonging to

the HNA1> class than at stations of the LNA> class (35.7 ±
26.4 m (n = 294) against 46.7 ± 30.7 m (n = 274)
respectively, t = 4.53, p < 0.001). The HNA1> stations
exhibited Tchla average contents in the upper 50 m
significantly higher than at LNA> stations (0.64 ± 0.09
(n = 100) against 0.54 ± 0.05 mg Chl a m�3 (n = 105)
respectively, t = 2.72, p < 0.01). No significant difference
was observed between HNA1> and LNA> stations regard-
ing nitrate concentration values.

[41] Stations belonging to the HNA2> class did not
provide evidence of large differences with stations belong-
ing to the HNA1> class regarding hydrological data or
nutrient concentrations. However, stations characterized by
two HNA2 extreme abundance values instead of one
(Table 5), were associated to higher values of nitrate in
the upper 100 m than the HNA1> class stations (4.78 ±
2.07 (n = 69) and 3.87 ± 2.44 (n = 157) mM NO3

respectively, t = 4.26, p < 0.001).
3.5.2. Combined Results of the Two MCA Approaches
[42] Extreme high abundances were observed close to the

extreme abundances below 200 m (Figure 8a), suggesting
that the influencing high abundances were occurring below
200 m depth. The box-and-whisker plot of HNA1 and LNA
abundances with respect to latitude (Figure 9) shows that
the main influence comes from LNA that were particularly
abundant (>2.105 cells cm�3) in the 200–400 m layer in the
south. High bacteria concentrations in deep waters also
occurred in the northeast region where the mixed layer
was very deep (mean = 117 m), and Tchla high (0.05 ±
0.07 mg m�3 at 200 m against 0.01 ± 0.02 mg m�3, average
value). Maximal abundances were mainly found at A2Wand
A2E, and very weak bacterial abundances were found at SE
(Figure 8a). NE area was heterogeneously grouping extreme

Figure 6. Upper layer geostrophic current field superimposed on the bacteria abundances integrated
between 0 and 300 m depth. (a) LNA integrated values (1013 cells m�2). (b) HNA1 integrated values
(1013 cells m�2). Labeled mesoscale features: A1 and A2, anticyclonic gyre; C4, cyclonic gyre. See color
version of this figure at back of this issue.
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abundances, while the other areas were more or less
represented by these classes. CW1 and FR areas were
influenced by high abundances and by the zero modalities
representing nonextreme situations (Figure 8a). HNA2>
and LNA> modalities appeared on the same side of axis 2,
separated from the HNA1> modality (Figure 8b). HNA1>
modality was linked to CW1 and A2W (Figure 8b) where
strong jets were observed, implying very low percentages
of LNA cells in these areas. Both HNA1> and HNA2>
modalities were connected to FR, the one region where
both modalities were well represented. HNA2> were

mostly found in frontal and strong jet areas (FR, CE,
A2E) (Figure 8b). LNA> modality was connected to SE
and CW2 (Figure 8b), and to NE where deep mixed
layers were observed. NW was linked to the zero
modalities (Figure 8b).

4. Discussion

4.1. Community Heterogeneity

[43] Bacteria are the main contributors to recycling DOC
by their high mineralization rate, creating feedbacks of

Figure 7. Subdivision of the study area into nine regions to observe the physical impact on bacterial
distribution based on geostrophic currents, eddies, and fronts illustrated in Figure 6.

Table 5. Definition of the Different Classes Corresponding to Extreme Situations

Classes
% Average Difference

With Total Description n

Abdc< �25 stations where total bacterial abundance was < [mean abundance for the whole study area – SD]
for at least four depths (average of 13 sampled depths)

13

Abdc> +29 stations where total bacterial abundance was > [mean abundance for the whole study area + SD]
for at least four depths (average of 13 sampled depths)

20

Abdc200m> +13 stations where the total bacterial abundance was > [mean + SD] below 200 m for at least two depths
(average of five sampled depths)

11

HNA1> +11.3 stations where HNA% of the total was > [mean HNA% for the whole study area + SD]
for at least three depths (average of 13 sampled depths)

23

LNA> +11.3 stations where LNA% of the total was > [mean LNA% for the whole study area + SD]
for at least three depths (average of 13 sampled depths)

22

HNA2> +61 stations where HNA2 abundance was > [mean HNA2 abundance for the whole study area + SD]
for one depth or more

22
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carbon and nutrients in the photic layer within the microbial
trophic network.
[44] The three cytometrically distinguished subgroups

were dominant in different layers of the water column.

This suggests the existence of different ecological envi-
ronments supporting distinct microbial assemblages where
one of these three subgroups would play a key role. The
heterogeneity in their activity is likely influenced by the

Figure 8. (a) Multiple correspondence analysis (MCA) of extreme bacterial abundances (see Table 5)
and geographical areas (see Figure 7). Axis 1 describes 37.47% of the variability, and axis 2 describes
33.65%. (b) MCA of bacterial extreme subgroup abundances (see Table 5) and geographical areas. Axis 1
describes 22.49% of the variability, and axis 2 describes 19.17%.

Figure 9. Box-and-whisker plots of the HNA1 and LNA abundances (105 cells cm�3) between 200 and
400 m depth as a function of the latitude.
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status of the surrounding and interacting environment
(nutrient depletion, grazing, temperature, hydrodynamism)
making critical the cell ability for adaptation.

4.2. Heterogeneity Between Bacteria and Tchla

[45] The highest Tchla integrated values found in the
center east part of the study area were well correlated to
bacterial integrated abundances over the mixed layer
(Table 5). No significant correlations were observed on the
same areas whenwe took the concentrations values instead of
the integrated values of both parameters, as observed in other
temperate areas [Cole et al., 1988; Simon et al., 1992]. Thus
there is an indirect relationship between bacteria and chloro-
phyll spatial distribution, maintained inside of the mixed
layer. The large variability observed for Tchla and bacteria
concentrations can be assigned to different stages of the
phytoplankton bloom and the subsequent organic matter
release [Barbosa et al., 2001] or to the interactions inside
the microbial loop (nutrient competition [Fuhrman, 1992],
turnover rate between bacteria and phytoplankton [Cho
and Azam, 1988; Fuhrman et al., 1989], and diel peri-
odicity of bacteria [Kuipers et al., 2000]) that were likely
varying throughout the study area upon the effect of
latitudinal variations of hydrological and biogeochemical
parameters.
[46] Themain occurrence in the surface layer of the highest

HNA1 concentrations and the high slopes of the log-log
relationship (Table 3) could be explained by the nutritional
support from phytoplankton, i.e., high Tchla and nutrient
contents. In the upper 300 m, HNA1 and Tchla Spearman’s
rank correlation was 0.64 (n = 400, p < 0.0001). LNA
abundance was correlated to Tchla concentration in the same
layer (Spearman, r = 0.57, n = 400, p < 0.0001) as well as to
the Tchla integrated over the mixed layer (Table 4), so that
LNA may also respond to organic matter supplied by phyto-
plankton growth, may be through sloppy feeding [Banse,
1995] of the larger cells (i.e., HNA1 and HNA2). Indeed, the
implication of LNA cells in organic matter recycling through
bacterivory is known to be less important than for larger cells
[del Giorgio et al., 1996]. Furthermore, LNA were more
abundant below 100 m depth (Figures 5b, 5e, 5h, 5k, 5n, and
5q), suggesting that their abundance could respond to the
upper layer trophic status and influence the remineralization
processes in deep layers. Indeed, three locations with large
LNA abundance can be noticed in Figure 9. They were
associated with (1) the northern (>44�N) region characterized
by a deep MLD, (2) the central part (41�–42.5�N) where
Tchlawas high andwhere frontal areaswere encountered, and
(3) the south (<39.5�N)where highTchla concentrationswere
linked to the A2 anticyclonic eddy and where high sinking
particle rates were observed at 400 m [Leblanc et al., 2005;
Guieu et al., 2005].
[47] HNA2 extreme concentrations (Table 5) were located

in higher nutrient domains and they exhibited weak corre-
lations with Tchla (Spearman’s r = 0.41, n = 229, p <
0.0001).

4.3. Zoning and the Different Stages of the
Phytoplankton Bloom

[48] Siegel et al. [1990] and Frazel and Berberian [1990]
provided evidence for a northward progression over 3 weeks
to 1 month of the spring bloom in the North Atlantic Gyre.

During the POMME spring cruise, three main zones could be
distinguished: (1) north of 43�N, reflecting the late winter
impact, (2) in the center, corresponding to frontal systems,
and (3) south of 41�N, on the way to the common summer
oceanic conditions. Siegel et al. [2002] defined a transition
line at 40�N. South of it, the MLD did not vary enough to
support Sverdrup’s hypothesis on phytoplanktonic bloom
enhancement by the shallowing of the MLD. Thus spring
phytoplanktonic production would depend more on the
quantity of nutrients supplied by winter mixing than on
irradiance availability.
[49] The northern area (areas 1 and 2 (Figure 1b)) where

the mixed layer was the deepest, exhibited no significant
difference between HNA1 and LNA percentages in the
upper 100 m (Figures 5b and 5e). High bacterial concen-
trations were observed (Figures 6a and 6b) while Tchla
values were diluted through the water column, that could
explain the slopes >1 observed over the euphotic layer
(Table 3). This suggests that the potential dissolved organic
matter that would sustain these huge bacteria concentrations
may not only find its source from sloppy feeding or
phytoplankton exudation that accounts for 2/5 and 1/10
respectively of bacterial carbon solubilization [Banse,
1995]. The possible lack of a direct source of nutrient for
bacteria would implicate the role of the winter permanent
MLD in supplying organic matter to the upper layer. This
organic matter could have been accumulated since the
previous fall period (R. Fukuda-Sohrin and R. Sempéré,
Seasonal distribution in total organic carbon in the northeast
Atlantic in 2000–2001, submitted to Journal of Geophys-
ical Research, 2004) and made more labile through further
exposure to UVB radiation [Häder et al., 1998] in conjunc-
tion with the impact of turbulence [Peters et al., 2002]
enhanced in the northern mixed layer. In the case of deep
mixed layers, the phytoplankton growth rate is decreased
[Sverdrup, 1953], and the phytoplankton production was
found to be channeled to the microbial loop, making
possible a bacterial growth exceeding primary production
[Cho et al., 1994; Nielsen and Richardson, 1989] when the
thermocline settling is delayed.
[50] In the center east side (area 4 (Figure 1b)), down to

80mdepth, average Tchla concentrationwas high (Figure 5l),
probably due to the frontal system of this area also suspected
to correspond to the subduction zone (40�–42�N). A high
value of integrated bacterial abundance (mostly LNA) was
observed east of the Tchla central peak (Figures 6a, 6b, and
3a). Decoupling between bacteria and phytoplankton abun-
dances in frontal areas were previously observed [Cho et al.,
1994; Naganuma, 1997]. Average HNA1 and LNA abun-
dances were not significantly different in the upper 100 m
(Figure 5k), while LNA abundance was significantly
higher than HNA1 abundance in deeper layers. Advective
transfer of matter regarding the similar biogenic matter
signature from the productive A1 (200 m depth traps) to
the frontal area (400 m depth traps) were hypothesized by
Mosseri et al. [2005] and Goutx et al. [2005]. In contrast
with the other areas, the observed bacterial community
corresponded to stations belonging to the LNA> and
HNA2> classes (Figure 8b). The related ecosystem was
probably the one where a phytoplanktonic bloom was
well pronounced. The unexpected low HNA1 concentra-
tions could be explained by grazing pressure or shift
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between bacterial and phytoplanktonic blooms [Lochte et
al., 1997; Ducklow, 1999].
[51] In the center west part (area 3 (Figure 1b)), Tchla

values were low whereas high nitrate values were observed
(Figures 3a and 3b). Bacterial integrated values were low in
the core of C4 (st 56 (Figures 6a, 6b, and 3c)). HNA1 cells
were more concentrated at the east side of C4 where high
primary production was observed [Fernández et al., 2005b]
while LNA cells were more concentrated at its west side
(Figures 6b and 6a, respectively).
[52] In the southwest (area 5 (Figure 1b)), high bacteria

concentrations were associated to a shallow MLD and
undetectable nutrient levels in the surface waters, suggest-
ing that the spring bloom in this area was almost over.
Sedimentation of organic material in deep layers [Goutx et
al., 2005] could explain the high concentrations of LNA
observed between 200 and 400 m depth (Figure 9). High
bacterial abundances at the surface layer could result from a
higher organic matter availability occurring at the late stage
of a phytoplankton bloom. The MLD, shallower than the
ELD, may somehow isolate the microbial system and thus
accelerate the phytoplankton bloom decline. Figure 4c
provides evidence for the presence of nutrients in the
euphotic layer, on the borders of A2 that does not reach
the MLD: low ratios between the mixed and euphotic layers
of integrated nitrate concentrations, situated well under the
bisecting line. High HNA1 percentages in the surface layer
suggest a weak impact of the grazing pressure in this area
that corresponded to the most productive part of the
POMME study area [Fernández et al., 2005b]. Sloppy
feeding and phytoplanktonic exudation [Fuhrman, 1992]
could counterbalance the effect of the potential bacterial
predation by increasing the organic matter availability and
sustaining a subsequent bacterial bloom [Ducklow, 1999].
[53] The southeast region (area 6 (Figure 1b)) was re-

markably poor both in bacteria and Tchla. LNA were
significantly more abundant than HNA1 down to 300 m
depth at least, probably due to the poor nutrient content in
this area suggesting that LNA dominance in this area could
be accounted for by their adaptation to poor nutritional
conditions [Zubkov et al., 2001]. Low HNA1 abundance
could result from the low phytoplanktonic concentration
(Figure 3a), i.e., low organic matter availability. This
situation was also observed in the northern Gulf of Mexico,
where low-DNA bacteria dominated in the euphotic layer
[Jochem, 2001], and where bacteria concentrations where
low (2–4 � 105 cells cm�3) [Jochem et al., 2004].

4.4. Hydrodynamical Features and Bacterial
Distribution

4.4.1. Study Area Subdivision
[54] In the POMME study area, the evidence of the

latitudinal phytoplankton bloom evolution was supported
in particular by the observation of high level of Tchla in the
south, low nutrient concentrations and shallowMLD, mainly
around A2, whereas in the north, the bloom development was
only potential, nutrients where not depleted and MLD was
deeper. This north-south contrast could not be deduced from
the bacterial distribution alone. Karrasch et al. [1996] stip-
ulated that the north-south variation of the spring bloom in the
North Atlantic is not always obvious, and that the different
steps of the phytoplanktonic bloom are linked to mesoscale

events. Hoppe et al. [2002, p. 171] reported that the ‘‘prox-
imity of the heterotrophic and autotrophic patches in oligo-
trophic oceans suggest an unstable system reacting rapidly to
changing environment conditions.’’ These changes are due in
particular to mesoscale dynamics that will increase phyto-
plankton patchiness [Martin, 2003]. The area was divided
into nine regions (Figure 7) corresponding to a compromise
between geostrophic currents and mesoscale features ob-
served in the area (Figures 6a and 6b), each region being
represented by a sufficient amount of samples.
4.4.2. Mesoscale and Hydrodynamical Features:
Impact on Bacterial Distribution
4.4.2.1. Evidence of Physical Forcing on Bacteria
Distribution
[55] The strong northward jet delimitating A1 and C4 had

a different influence on the bacterial distribution as com-
pared to the southward jet, located between C4 and A2
(Figures 6a and 6b), and stirring nutrient-rich waters from
the north. Conversely, the low LNA abundance between A1
and C4 corresponded to the northward jet between the two
eddies and transporting warm surface waters (13�C) from
the southeast. The distribution of LNA integrated abundances
appeared to be influenced by these currents, with (1) high
abundances along the jet situated at the west border of C4,
moving southward down to A2 east side, (2) low abundances
along the jet flowing betweenA1 andC4 up to 43�N, 19.3�W,
and (3) higher concentrations in the southward jet along
the east side of A1 (Figure 6a). The HNA1 distribution
did not match the jet paths, and was more responding to
trophic variations than the LNA distribution [Yanada et
al., 2000], according to the relationships established in
this study.
4.4.2.2. Mesoscale Features and Bacterial Distribution
[56] The MCA was carried out in order to quantify the

impact on the bacterial distribution of mesoscale features
such as the geostrophic currents. Results suggest that the
eastern part of the cyclonic eddy C4 (CW1 (Figure 8)) and
the frontal zone (FR (Figure 8)) were concentrating abnor-
mally high abundances of HNA1 (HNA1> class stations
(Table 5)) and HNA2 cells (HNA2> class stations (Table 5)),
while phytoplankton was not particularly abundant accord-
ing to Tchla values. The C4 cyclonic eddy was observed in
the study area from winter to late summer [Le Cann et al.,
2005; Fernández et al., 2005a] and Maixandeau [2004]
observed high respiration rates in the core of C4 during
spring that may be explained by the presence of high HNA1
concentrations. This eddy supplied continuously nitrate-rich
waters to the mixed layer, with high regenerated production
rates [Fernández et al., 2005a]. Frontal zones are known to
involve vertical transport processes that supply nutrients
from deeper waters and stimulate phytoplankton develop-
ment [Sournia, 1992; Martin and Richards, 2001], which
could account for the high HNA2 abundances in the FR
region (Figures 3c and 7). Furthermore, turbulent conditions
increase the recycling of dissolved organic matter, which
could have enhanced the bacterial growth [Peters et al.,
2002], until the establishment of the seasonal shallow
thermocline.
[57] Conditions were quite different in the region of the

A2 anticyclonic eddy. Its east side (A2E (Figure 8)) linked
to the northward jet flowing between C4 and A1, was
marked by very high bacterial abundances, mostly below
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200 m depth (Abdc200m> class (Table 5)). The geostrophic
signature surrounding A2 was well followed by HNA1 and
LNA bacterial subgroups (Figures 6a and 6b). The high
abundances observed below 200 m depth, rather elevated
for this area (Figure 9b), could be the sign of material
exportation to deep waters as previously discussed. In
contrast, the southeast area (SE (Figure 8)), was character-
ized by low bacterial abundances and no strong hydrody-
namical features nor jets. Nevertheless, this low bacterial
status seemed to follow the warm water tongue until 43�N
between A1 and C4 (Figures 6a and 6b) as observed for
nitrate concentrations and temperature [Fernández et al.,
2005a]. This observation was well accounted for by the
MCA. Indeed, stations belonging to LNA> classes were
along the jets flowing toward the southeast (SE), C4 east
side (CW1) and northwest part (NW).

5. Conclusion

[58] The large data set collected during the POMME
spring cruise enabled us to determine the spatial distribution
in the upper 600 m of the study area of the three bacterial
subpopulations (HNA1, HNA2 and LNA) resolved by flow
cytometry.
[59] The vertical distribution of the three subpopulations

was not identical. HNA2, when present, were restricted to
the surface layer, suggesting that these bacteria could
represent the facultative photoheterotrophic bacteria recently
discovered by Kolber et al. [2000, 2001]. HNA1 were
dominant in the upper 100 m, and were spatially respond-
ing to high Tchla concentrations. This subpopulation
seemed to be favored by the most labile DOC generated
in the euphotic layer. HNA1 are certainly suited to high
organic carbon releases in terms of size and abundance as
observed by Jürgens et al. [2000]. Though also present in
the upper layer, LNA were dominant below 100 m,
supporting the hypothesis of Zubkov et al. [2001], sug-
gesting that they are adapted to nutrient limited waters.
The LNA being more abundant in intermediate waters
(200–400 m) their distribution was more affected by the
hydrodynamic structures than HNA1. To account to some
extent for the lack of synopticity of the data set inherent
to the unavoidable long-lasting sampling, the study area
was subdivided. This approach enabled to partially dif-
ferentiate the nutritional from the hydrodynamical impact
on the distribution of bacterial subpopulation.
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munauté microbienne et relation avec le contexte hydrodynamique, Ph.D.
thesis, Univ. de la Mediterranée, Marseille, France.

Martin, A. P. (2003), Phytoplankton patchiness: The role of lateral stirring
and mixing, Prog. Oceanogr., 57, 125–174.

Martin, A. P., and K. J. Richards (2001), Mechanisms for vertical nutrient
transport within a North Atlantic mesoscale eddy, Deep Sea Res., Part II,
48, 757–773.

Martin, A. P., K. J. Richards, and M. J. R. Fasham (2001), Phytoplankton
production and community structure in an unstable frontal region, J. Mar.
Syst., 28, 65–89.

McGillicuddy, D. J., Jr., and A. R. Robinson (1997), Eddy-induced nutrient
supply and new production in the Sargasso Sea, Deep Sea Res., Part I,
44, 1427–1450.
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Figure 6. Upper layer geostrophic current field superimposed on the bacteria abundances integrated
between 0 and 300 m depth. (a) LNA integrated values (1013 cells m�2). (b) HNA1 integrated values
(1013 cells m�2). Labeled mesoscale features: A1 and A2, anticyclonic gyre; C4, cyclonic gyre.
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