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INTRODUCTION

A predictable consequence of changes in land use
and hydrologic and global biogeochemical cycles is
the modification of the amount and nature of continen-
tal and atmospheric matter inputs into the world’s
oceans (Duce et al. 2008), which in turn will likely

affect microbial plankton structure and functioning.
Water-soluble organic nitrogen (N) constitutes approx-
imately 30 to 35% of total N atmospheric deposition
(Cornell et al. 2003, Mace et al. 2003) with an impor-
tant fraction likely being anthropogenic (Jickells
2006). Seitzinger & Sanders (1999) found that a signifi-
cant fraction of the atmospheric organic N is bioavail-
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tion due to changes in nutrient inputs may have important biogeochemical implications. The impact
of nutrient loading will depend on the type of input and the initial environmental conditions. We con-
ducted a set of 5 microcosm experiments along a broad latitudinal transect in the Atlantic Ocean
(26° N to 29° S) in order to assess the effects of inorganic (nitrate, ammonium, phosphate, silica) and
organic (glucose, amino acids) inputs, added separately as well as jointly, on the bacterioplankton
community composition at the level of major groups. We followed changes in the relative abundance
of important bacterial phylogenetic (Roseobacter spp., SAR11, Gammaproteobacteria, Bacteroidetes)
and cytometric (low, high and very high nucleic acid content) groups. We observed that distinct
groups responded differently to nutrient additions: SAR11 and Bacteroidetes responded negatively to
organic and mixed additions, while Roseobacter spp. and Gammaproteobacteria responded posi-
tively. Only the group Roseobacter spp. responded positively to inorganic additions. The abundance
of very high nucleic acid content bacteria was low in the control and the inorganic treatment; how-
ever, they reached very high numbers in the organic and mixed treatments. There was a clear
increasing north to south gradient in the magnitude of response of Gammaproteobacteria to organic
inputs (containing carbon and nitrogen), likely related to an increasing north to south gradient in
phosphate concentration. The magnitude of response of Gammaproteobacteria explained 89% of the
observed variability in the magnitude of bacterial production response, which suggests a strong link
between bacterial community composition and carbon cycling in the oligotrophic ocean.
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able, and that 45 to 75% of the organic N in rainwater
is rapidly utilised by microorganisms.

It has been suggested that in subtropical/tropical
oceanic areas, characterised by low mixed-layer
macronutrient concentrations, atmospheric inputs
(including dry and wet deposition) may become a sig-
nificant source of nutrients in ocean surface waters,
compared to other oceanic areas (Baker et al. 2007).

Heterotrophic bacteria seem to be co-limited by N
and phosphorus (P) in the oligotrophic subtropical
North Atlantic (Mills et al. 2008) where additions of
labile dissolved organic carbon (DOC) (glucose) alone
do not stimulate bacterial activity or abundance. By
contrast, many other studies found that bacteria are
commonly limited or co-limited by carbon (C) in oligo-
trophic areas (Church et al. 2000, Carlson et al. 2002,
Alonso-Sáez et al. 2007, Van Wambeke et al. 2008).
Most nutrient-addition experiments use glucose as the
labile organic C source. It has been demonstrated that
glucose is not taken up equally by different bacterial
groups (Alonso & Pernthaler 2006, Alonso-Sáez &
Gasol 2007), which may imply contrasting responses to
such C addition as a function of the initial bacterial
community composition. Several nutrient-manipula-
tion experiments have also addressed the response of
bacteria to organic amendments using N compounds
(glutamate, leucine, amino acids mixture) (Kirchman
1990, Carlson & Ducklow 1996, Hasegawa et al. 2005,
Davidson et al. 2007, Alonso-Sáez et al. 2009). Frette et
al. (2004) found that 95% of the isolates, from 1 fresh-
water and 3 marine locations, were able to utilise dis-
solved free amino acids and protein as their sole N
source. Microautoradiography studies combined with
fluorescence in situ hybridisation (FISH) or catalysed
reporter deposition-fluorescence in situ hybridisation
(CARD-FISH) techniques have confirmed that most
bacterial groups are able to use amino acids (Malm-
strom et al. 2005, Alonso-Sáez & Gasol 2007, Alonso-
Sáez et al. 2008), although the patterns of utilisation
also greatly vary among bacterial groups.

Several studies have assessed changes in bacterial
community structure after nutrient additions (Schäfer
et al. 2001, Carlson et al. 2002, Sipura et al. 2005, Pin-
hassi et al. 2006, Allers et al. 2007, Davidson et al.
2007). However, the use of different experimental ap-
proaches (mesocosms, dilution cultures), together with
the different quality and quantity of the enrichments
and the different tools used for the characterisation of
the bacterial community composition (FISH, finger-
printing techniques), make it difficult to directly com-
pare the bacterial responses.

The impact of nutrient loading likely depends on the
type of input, the initial environmental conditions, and
the associated initial bacterial community. The higher
rates of N fixation (Baker et al. 2007, Mather et al.

2008) and atmospheric deposition (Galloway et al.
2004) reported in the North than in the South Atlantic
ocean suggest a potentially more severe N limitation in
the South compared to the North Atlantic. A latitudinal
gradient in phosphate concentration has been also
reported by Mather et al. (2008) in the Atlantic Ocean.
Changes in bacterial community composition have
also been described along a latitudinal transect in the
Atlantic Ocean (Schattenhofer et al. 2009).

We conducted a set of 5 enrichment microcosms
experiments along a broad latitudinal transect in the
Atlantic Ocean (26° N to 29° S) (Fig. 1) in order to
assess the response of different groups of heterotro-
phic bacteria to inorganic and/or organic nutrient
inputs. Specifically, we wanted to test if the responses
of the different bacterial groups were related to the ini-
tial bacterial community composition and/or nutrient
status, and if changes in bacterial community composi-
tion were related to changes in bulk bacterial activity.
We followed changes in the bacterial community com-
position at the level of major groups using CARD-FISH
to detect 4 relevant bacterial groups (Roseobacter spp.,
SAR11, Bacteroidetes and Gammaproteobacteria), and
flow cytometry to detect groups of bacteria with differ-
ing relative nucleic acid content. Changes in bulk bac-
terial production are discussed in detail in a compan-
ion paper (Martínez-García et al. 2010)
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MATERIALS AND METHODS

Experiments. We simulated increases in nutrient
fluxes to surface waters (10 to 15 m depth) by means of
a series of addition treatments using eight 12 l polycar-
bonate carboys. Seawater was collected using 15 l
acid-clean Niskin bottles attached to a rosette equip-
ped with a CTD. The water was gently pre-filtered
through a 150 µm net to exclude big predators in order
to ensure a good replication. Two microcosms were
used as controls (no addition) and the other 6 were
treated as follows: 2 were spiked with inorganic nutri-
ents (0.5 µM nitrate, 0.5 µM ammonium, 0.05 µM phos-
phate and 0.1 µM silicate), 2 with organic nutrients
(0.5 µM glucose and 0.5 µM amino acids), and 2 with
both inorganic and organic nutrients (mixed treat-
ment). These concentrations and proportions (N:Si:P,
20–30:2:1) were chosen based on an extensive review
of the published data on the composition of atmos-
pheric inputs to the Atlantic Ocean, including both dry
and wet deposition (Baker et al. 2003, 2006, 2007, Duce
et al. 2008). We decided not to add iron as we lacked
the adequate equipment to manipulate large water
volumes under trace metal-clean conditions. In addi-
tion, it has been found that N and P are the proximal
limiting nutrients in the oligotrophic Atlantic Ocean
(Mills et al. 2004, 2008, Moore et al. 2008). Organic N
additions were performed to simulate previously
reported increases in atmospheric bioavailable water-
soluble organic N inputs (Seitzinger & Sanders 1999,
Mace et al. 2003, Duce et al. 2008). Although the amino
acids provide both C and N, glucose was also included
since atmospheric depositions have been shown to
contain not only nitrogenous organic compounds
(Jurado et al. 2008, Pulido-Villena et al. 2008). Pulido-
Villena et al. (2008) reported an increase of DOC of ca.
3 µmol C l–1 after a natural dust deposition event in the
surface mixed layer of the Western Mediterranean.
Therefore, our organic addition of ca. 5 µmol C l–1 in
the form of amino acids and glucose compares reason-
ably well with the observed increases in DOC.

To assess the short-term effects of the nutrient
inputs, the microcosms were incubated during 72 h
and samples were taken every 24 h. Previous enrich-
ment experiments have shown that a daily sampling
frequency is adequate to describe the bacterioplank-
ton response (e.g. Kirchman et al. 2000, Allers et al.
2007). The microcosms were maintained under simu-
lated in situ irradiance (photoperiod and light inten-
sity) and temperature in an indoor incubation chamber
(0.4 m3) equipped with independent controls of pho-
toperiod and temperature. Photosynthetically active
radiation (PAR) within the incubation chamber, pro-
vided by 2 groups of 3 fluorescent lamps, ranged
between 190 and 280 µE m–2 s–1, depending on the

location of the carboy. The location of each carboy was
randomly changed every day. We chose simulated and
controlled conditions rather than in situ conditions in
order to eliminate potential variability between exper-
iments due to changes in local meteorological condi-
tions (mainly light intensity) during the incubations.
Time-zero sampling took place 1 to 2 h after nutrient
addition. Time-averaged values were used to calculate
the % of change in each treatment relative to control as
follows: relative response = [(mean value in treatment
× 100)/mean value in control].

We followed changes in the relative abundance of
important bacterial phylogenetic (Roseobacter spp.,
SAR11, Gammaproteobacteria, Bacteroidetes) and
cytometric (low [LNA], high [HNA] and very high
[vHNA] nucleic acid content) groups. In addition, con-
current measurements of bacterial production were
done at each sampling point (Martínez-García et al.
2010).

Nutrients. The concentration of nitrate and ammo-
nium was determined on-board on fresh samples with
a Technicon segmented-flow auto-analyser and using
modified colorimetric protocols that allowed the detec-
tion limit to be lowered to 2 nmol l–1 (Raimbault et al.
1990, Kerouel & Aminot 1997). The concentration of
phosphate was determined using standard procedures
(Tréguer & Le Corre 1975).

Chorophyll a (chl a) concentration. Chl a concentra-
tions were measured in 250 ml water samples that were
filtered through 0.2 µm polycarbonate filters. After ex-
traction with 90% acetone at 4°C overnight at dark,
chl a fluorescence was fluorimetrically determined.

Primary production. Four 75 ml acid-cleaned bottles
(3 light and 1 dark) were filled and inoculated with 7.5
to 20 µCi NaH14CO3. Samples were incubated for 12 h
in the same incubation chamber as the microcosms
(Martínez-García et al. 2010).

Bacterial heterotrophic production. The [3H]leucine
incorporation method, modified as described by Smith
& Azam (1992), was used to determine bacterial pro-
duction. Samples were incubated for 1.5 to 2 h in the
same incubation chamber as the microcosms. Empiri-
cal leucine to C conversion factors (CF) were used cal-
culate bacterial biomass production rates from Leu
uptake rates (CF range: 0.17 to 0.21 kg C mol Leu–1).

In vivo electron transport system (ETS). ETS activity
rate was used as an estimator of community respiration
(CR). Size-fractionated in vivo ETS activity rates were
measured as described by Martínez-García et al.
(2009). Samples were incubated at the same tempera-
ture as the microcosm bottles and in dark conditions.

Bacterial community composition by CARD-FISH.
Samples of 10 to 15 ml were fixed with 0.2 µm filtered
paraformaldehyde (1% final conc.) and subsequently
stored at 4°C in the dark for 12 to 18 h. Thereafter, each
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sample was filtered through a 0.2 µm polycarbonate
filter (Millipore, GTTP, 25 mm filter diam.) supported
by a cellulose nitrate filter (Millipore, HAWP, 0.45 µm),
washed twice with Milli-Q water, dried and stored in a
microfuge vial at –20°C until further processing in the
laboratory.

The in situ abundance of different bacterial popula-
tions was determined using CARD-FISH with oligo-
nucleotide probes specific for the domain Eubacteria
(EUB338, EUB338II and EUB338III) (Amann et al. 1990,
Daims et al. 1999), Gammaproteobacteria (GAM42a)
(Manz et al. 1992) subclasses, the Bacteroidetes group
(CF319a) (Manz et al. 1996), the Roseobacter spp. lin-
eage (Ros537) (Eilers et al. 2001) and the SAR11 cluster
(SAR11-441R) (Morris et al. 2002). Filters for CARD-
FISH were embedded in low-gelling-point agarose and
incubated with lysozyme (Teira et al. 2008). Filters were
cut in sections and hybridised at 35°C with horseradish
peroxidase (HRP)-labelled oligonucleotide probes.
Tyramide-Alexa488 was used for signal amplification
(30 to 40 min) as previously described (Pernthaler et al.
2002). We used 55% formamide for all probes except
for SAR11-441R (45% formamide). The hybridisation
for all the probes was done overnight and cells were
counter-stained with a DAPI mix: 5.5 parts of Citifluor, 1
part of Vectashield (Vector Laboratories) and 0.5 parts
of PBS with DAPI (final concentration 1 µg ml–1).

The slides were examined with an epifluorescence
microscope equipped with a 100 W Hg-lamp and
appropriate filter sets for DAPI and Alexa488. More
than 800 DAPI-stained cells were counted per sample.
For each microscope field, 2 different categories were
enumerated: (1) total DAPI-stained cells and (2) cells
stained with the specific probe. Negative control
counts (hybridisation with HRP-Non338) averaged
0.25% and were always <1.0% of DAPI-stained cells.
The counting error, expressed as the percentage of
standard error between replicates (SE/mean × 100),
was <2% for DAPI counts and <10% for FISH counts.

Flow cytometry. Samples for heterotrophic bacteria
were preserved with 1% paraformaldehyde plus
0.05% glutaraldehyde and frozen at –80°C until analy-
sis with a FACSCalibur flow cytometer (Becton-Dick-
inson) equipped with a laser emitting at 488 nm. After
staining with SYBR-Green (see details in Calvo-Díaz &
Morán 2006), bacteria were separated into 3 groups
based on their fluorescence and light scatter signals:
LNA, HNA and vHNA bacteria. vHNA bacteria were
characterised by much larger forward scatter and fluo-
rescence (Fig. 2) than the HNA bacteria. For estimat-
ing the abundance of the different groups, calibration
of the cytometer flow rate was performed daily. A solu-
tion of 1 µm fluorescent latex beads (ref. F-13081, Mol-
ecular Probes) was added as an internal standard
(Calvo-Díaz & Morán 2006). All cellular variables were

related to fluorescent beads values. An empirical cali-
bration between forward scatter (FSC) and cell diame-
ter specific for this data set, as explained in Calvo-Díaz
& Morán (2006), was used to estimate biovolume (BV)
(BV = 0.058 × FSC + 0.013; n = 13, r2 = 0.60). Bacterial
biomass was calculated by using a volume-to-carbon
conversion factor of 148 fg C µm–3 (Gundersen et al.
2002).

Statistical analysis. A repeated-measures ANOVA
(RMANOVA) was conducted to assess time (within-
subject factor), treatment (between-subject factor, nu-
trient additions) and experiment (between-subject fac-
tor, sampling location) effects. All data fitted a normal
distribution; however, even after log or arcsine data
transformation, the homogeneity of covariance matri-
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Fig. 2. Scatter plot of green fluorescence versus side scatter
(A) at time zero in a control treatment showing low nucleic
acid (LNA) and high nucleic acid (HNA) content bacteria, and
(B) after 1 d in a mixed treatment showing LNA, HNA, and
very high nucleic acid (vHNA) content bacteria. FL1, green

fluorescence; SSC, side scatter
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ces failed for some data sets. For the latter case we ap-
plied the Huynh-Feldt adjustment to correct p-values
(Scheiner & Gurevitch 1993). Multiple comparisons
(Bonferroni test) with the estimated marginal means
were used to interpret interactions between factors.

RESULTS

Initial environmental and biological conditions

A summary of environmental and biological condi-
tions at the start of each experiment is given in Table 1.
Nitrate and ammonium concentration did not vary
along the transect. By contrast, phosphate concentra-
tion was higher in the southern than in the northern
stations (Table 1). Chl a concentration ranged only
from 0.11 µg l–1 at the centre of the Southern Atlantic
Subtropical Gyre (12°S) to 0.24 µg l–1 at the equatorial
Atlantic (3° N), whereas primary production varied ca.
1 order of magnitude, from very low rates measured at
the Northern and Southern Atlantic Subtropical Gyres
(26° N and 12° S) to the highest production in the
southernmost station (29° S) (Table 1). Bacterial pro-
duction, as estimated from rates of leucine incorpora-
tion into proteins, was lowest at 26° N. Microbial respi-
ration, as estimated from rates of in vivo ETS activity,
varied by 2 orders of magnitude, with an extremely
low rate in the centre of the northern subtropical gyre
(26° N) and highest rates at the equator (Table 1).

Initial bacterial community composition

The initial composition of the bacterial community
differed markedly between experiments (Fig. 3). From
45 to 71% of the total DAPI-stained cells were detected
with the mixture of 3 HRP-probes covering the domain
Bacteria (Fig. 3A). On average, 44% of the detected
bacteria were identified with the set of 4 probes used
in the present study to target the SAR11 cluster, the

Roseobacter spp. group, the Bacteroidetes group and
the Gammaproteobacteria subclass. On average, Pro-
chlorococcus spp. accounted for 46% of the detected
bacteria (data not shown), thus leaving only 10% of
detected bacteria as non-identified. The most abun-
dant group among these 4 shifted from north to south.
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Expt Geographic Temp. Salinity Nitrate Ammonium Phosphate Chl a PP BP ETS
coordinates (°C) (nM) (nM) (nM) (µg l–1) (µg C l–1h–1) (pM Leu h–1) (µM INTF d–1)

1 26°N 34°W 24.6 37.57 116a 17a 25a 0.155 0.018 4.1 0.002
2 18°N 29°W 25.8 36.73 116 17 40 0.231 0.091 29.9 0.014
3 3°N 29°W 27.9 35.28 117 12 37a 0.237 0.091 32.9 0.046
4 12°S 29°W 25.6 36.94 124 17 75 0.110 0.025 15.9 0.018
5 29°S 29°W 22.0 35.85 113 17a 80 0.158 0.120 13.9 0.034
aEstimated from the mean concentration of the 2 nearest stations

Table 1. Summary of initial conditions for each experiment. Sampling depth was 10 m except for Expt 4 (15 m). Nutricline depth was estimated
as the first depth were nitrate concentration is >0.5 µM. PP, primary production; BP, bacterial production; Leu, leucine; ETS, in vivo electron

transport system activity; INTF, iodonitro-tetrazolium formazan
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In the northern part of the transect, SAR11 was the
dominant detected group, accounting for 39 and 22%
of total detected bacteria at 26 and 18° N, respectively.
This cluster accounted for only ca. 8% of total bacterial
abundance in the southern hemisphere. The dominant
group at the southern stations was Bacteroidetes, con-
tributing 10 and 17% to the total bacterial community
at 12° and 29° S, respectively. The bacterial community
close to the equator was co-dominated by SAR11
(17%), Roseobacter spp. (14%) and Gammaproteobac-
teria (16%), with Bacteroidetes also contributing sig-
nificantly (10%).

The flow-cytometry analyses allowed the distinction
of 3 bacterial groups based on their nucleic acid stain-
ing and scatter signals: LNA, HNA and vHNA bacteria
(Fig. 2). There were differences in the relative contri-
bution of HNA and LNA bacteria along the transect
(Fig. 3B), whereas the abundance vHNA bacteria was
close to the detection limit. The biomass of bacteria
was lowest in the southern hemisphere and highest

close to the equator. The contribution of the HNA bac-
teria was also considerably lower at 26° N (39%) than
at the rest of the stations (60 to 70%).

Response of cytometric groups to nutrient additions

The biomass of LNA bacteria barely responded to
the various nutrient additions, following the same tem-
poral trend as that in the control (Fig. 4). Similar tem-
poral trends were observed for the HNA bacteria,
although the abundance of this group slightly de-
creased in some nutrient-addition treatments in the
northern hemisphere.

The most prominent responses to nutrient additions
corresponded to the vHNA bacteria. Whereas the bio-
mass yielded by vHNA bacteria was overall small in
the control and after inorganic nutrient addition, they
accounted for a considerable fraction of the total bacte-
rial standing stock when organic nutrients were
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added, except at 26° N, where this group developed
only when both organic and inorganic nutrients were
added (mixed treatment). Except in the 26° N experi-
ment, these bacteria closely followed the same tempo-
ral pattern and reached similar maximum biomass lev-
els in organic and mixed treatments. The biomass of
each bacterial group during the experiments was aver-
aged in order to calculate the percentage of biomass
produced after each nutrient amendment relative to
the control (Fig. 5). Both LNA and HNA showed little
changes relative to control. The RMANOVA test
showed a non-significant effect of treatment (Table 2).
By contrast, a high variability in the percentage rela-
tive to control was observed for the vHNA group, both
between treatments and experiments. The RMANOVA
test showed a significant effect of both factors (Table 2).

The inorganic addition did not cause a significant
change in the vHNA bacterial biomass, whereas both
the organic and the mixed treatments highly stimu-
lated the growth of these bacteria (Table 3). There was
a significant interaction between the factors treatment
and experiment (RMANOVA; Table 2), which means
that the response to the treatment greatly differed
among experiments. The Bonferroni post hoc test indi-
cated that the organic treatment had a significant
effect in all the treatments (p < 0.02) except at 26° N,
whereas the mixed treatment had a significant effect
(p < 0.001) in all the experiments.

Response of major phylogenetic bacterial groups to
nutrient additions

Both the absolute and the relative abundance (per-
centage of DAPI-stained cells, %DAPI) of each major
phylogenetic group followed the same temporal
trends, leading to exactly the same statistical results
and conclusions. To facilitate the description of the
changes in the composition of the bacterial community
we have here presented the relative abundances
(Fig. 6; but see Fig. A1 in Appendix 1 for absolute
abundances). The percentage of total bacteria
detected remained rather stable during the incuba-
tions in the control and inorganic treatment, and
slightly increased in the organic and mixed treatments,
with percentages ranging from 59 to 78 %DAPI at the
end of the experiments.

The 4 considered groups showed variable temporal
trends in the control treatments (Fig. 6). Roseobacter
spp. showed a reduced temporal variability, maintain-
ing a rather stable population throughout the incuba-
tion period. Gammaproteobacteria either remained
stable (3° N and 29° S), or slightly increased (26° N,
18° N and 12° S). On the other hand, SAR11 abundance
varied considerably at 26° N and 3° N, and showed a
clear decreasing trend in 2 of the 5 experiments (26° N
and 18° N). Bacteroidetes also showed a clear decreas-
ing trend in 3 out of 5 experiments. The fact that none
of the groups showed a consistent decreasing or
increasing trend in the control incubations suggest that
the impact of manipulation and confinement was
rather low, and that changes in population abundances
are likely related to biotic interactions between micro-
bial components.

The response of the different groups to the distinct
additions greatly varied among experiments, although
some general patterns emerge at a glance (Fig. 6).
Roseobacter spp. seems to be stimulated by all the 3
treatments, but especially by organic and mixed addi-
tions; the abundance of SAR11 and Bacteroidetes tend
to decrease, particularly after organic and mixed addi-
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tions; and finally Gammaproteobacteria are consider-
ably stimulated after organic and mixed additions. The
relative change in response to nutrient additions
greatly varied among experiments (Fig. 7). Statistical
analysis showed a significant effect of treatment and
experiment on the relative abundance of each of these
4 major bacterial groups (Table 2). The effect of inor-
ganic additions was not significant, except in the case
of Roseobacter spp., which showed a significant stimu-
lation (Table 3). On the other hand, the addition of
organic and mixed nutrients caused a significant
increase in the abundance of both Roseobacter spp.
and Gammaproteobacteria and a significant decrease
of SAR11 and Bacteroidetes abundance (Table 3).

A significant interaction between experiment and
treatment was obtained, except for the group Bac-
teroidetes (Table 2). In the case of Roseobacter spp.

there was a significant effect of the inorganic treat-
ment at 26° N (Bonferroni test, p = 0.002), of the
organic treatment at 18°N and 3°N treatments (Bonfer-
roni test, p < 0.05) and of the mixed treatment at 3° N
and 12° S (Bonferroni test, p < 0.05). No significant
effects were observed at the southernmost station.
SAR11 showed a significant negative response only at
3° N and 12° S after addition of organic and mixed
nutrients (Bonferroni test, p < 0.05). Gammaproteobac-
teria also showed a wide variability among experi-
ments. At 26° N only the mixed addition produced a
positive response of this bacterial group (Bonferroni
test, p < 0.001). At 12° S and 29° S, organic and mixed
additions equally stimulated the growth of Gammapro-
teobacteria (Bonferroni test, p < 0.001). In the rest of
the experiments, the organic additions highly stimu-
lated these bacteria (Bonferroni test, p < 0.003), but the
addition of both organic and inorganic nutrients fur-
ther fuelled their growth (Bonferroni test, p < 0.001).

Initial conditions, bacterial group responses and
bulk bacterial production response

To find out if the magnitude of response of the dis-
tinct bacterial groups was related to initial bacterial
community composition and/or nutrient status, we
explored the correlations between the magnitude of
response of the distinct groups to the different addition
treatments (i.e. inorganic, organic or mixed) and indi-
cators of the initial nutrient status, such as phosphate
and dissolved inorganic N (nitrate, nitrite and ammo-
nium) concentration; or indicators of the initial bacter-
ial community composition, such as initial relative
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Factors LNA HNA vHNA %ROS %SAR11 %CFB %GAM

Within-subjects
Time 0.004 0.022 <0.001 <0.001 <0.001 <0.001 <0.001

0.200 0.147 0.758 0.500 0.464 0.704 0.915
Time × Expt <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001

0.863 0.766 0.574 0.450 0.609 0.469 0.681
Time × Treat 0.049 ns <0.001 <0.001 0.003 0.011 <0.001

0.235 0.697 0.378 0.327 0.286 0.812
Between-subjects
Expt <0.001 <0.001 ns <0.001 <0.001 <0.001 <0.001

0.914 0.904 0.755 0.932 0.694 0.645
Treat ns ns <0.001 <0.001 <0.001 <0.001 <0.001

0.945 0.666 0.598 0.629 0.963
Expt × Treat ns ns <0.001 0.035 0.006 ns <0.001

0.765 0.598 0.681 0.852

Table 2. Repeated-measures ANOVA with 1 within-subjects factor (Time, sampling day), and 2 between-subjects factors (Expt,
experiment; Treat, treatment). LNA, HNA and vHNA: abundance of low, high and very high nucleic acid content bacteria,
respectively. %ROS, %SAR11, %CFB and %GAM: relative abundance of Roseobacter spp., SAR11, Bacteroidetes and
Gammaproteobacteria, respectively. For each pair factor-variable the significance (upper value) and the partial η2 (lower value,

italics) is given. Partial η2 is an estimate of the proportion of explained variance. ns, not significant

Variable Inorganic Organic Mixed

LNA 0 0 0
HNA 0 0 0
vHNA 0 +++ +++
ROS + +++ +++
SAR11 0 – –
CFB 0 – –
GAMMA 0 +++ +++

Table 3. Summary of the global effect of the different addi-
tions on the relative abundance of the different bacterial
groups (Bonferroni post hoc test): 0, no significant change;
–, significant decrease p < 0.05; +, significant increase
p < 0.05; +++, significant increase p < 0.001. LNA, HNA and
vHNA: low, high and very high nucleic acid content bacteria,
respectively. ROS, Roseobacter spp.; CFB, Bacteroidetes; 

GAMMA, Gammaproteobacteria
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abundance of the different phylogenetic and cytomet-
ric groups. The initial concentration of phosphate was
positively correlated with both the magnitude of
response of vHNA bacteria (r = 0.971, p < 0.01, n = 5)
and Gammaproteobacteria (r = 0.891, p < 0.05, n = 5) to
the organic additions (which contain C and N, but no
P). On the other hand, the response of Roseobacter
spp. to inorganic additions was negatively correlated
to the initial contribution of HNA to total bacterial bio-
mass (r = –0.939, p < 0.05, n = 5).

We also explored the relationship between the mag-
nitude of response of bacterial groups and the magni-
tude of response of bulk bacterial production rates
(described in Martínez-García et al. 2010), including
the 3 different treatments (inorganic, organic and
mixed). We found a positive and significant relation-
ship between the response of bacterial production and
both Gammaproteobacteria and vHNA bacteria
response, which explained 89 and 53%, respectively,
of the observed variability (Fig. 8).
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DISCUSSION

An important external input of nutrients in open
ocean areas is atmospheric deposition, which is
expected to increase as a consequence of human activ-
ity (Duce et al. 2008). Given that anthropogenic

organic N constitutes an important fraction of total N
atmospheric deposition (Cornell et al. 2003, Mace et al.
2003, Jickells 2006), we specifically wanted to address
the differential impact of inorganic versus organic
nutrients on different bacterial communities sampled
along a latitudinal transect in the Atlantic Ocean. The
latitudinal differences observed in the initial bacterial
composition (Fig. 3) agree with the latitudinal distribu-
tion patterns of major bacterial groups reported by
Schattenhofer et al. (2009), and are likely related to
environmental factors such as the increasing north to
south gradient of phosphate concentration (Mather et
al. 2008, our Table 1).

Impact of nutrient additions on cytometric bacterial
groups

We detected essentially the same 3 bacterial sub-
groups as Fuchs et al. (2005) and Fernández et al.
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(2008) on the basis of cytometric characteristics: LNA,
HNA and vHNA bacteria (Fig. 2).

Both the LNA and HNA bacteria followed very simi-
lar temporal trends in the control and in the 3 different
treatments (Figs. 4 & 5), and overall there was no sig-
nificant effect of nutrient additions on these 2 bacterial
fractions (Table 3). Moreover, the standing stocks of
both groups did not show a noticeable net increase/
decrease after 72 h of incubation. This is consistent
with the relative constancy of relative abundance of
the LNA bacteria in central Atlantic waters (Mary et al.
2007). The third cytometric group considered here, the
vHNA bacteria, is equivalent to the HNA2 group
described by Fernández et al. (2008) in open oceanic
waters of the NE Atlantic Ocean. In the present study,
the abundance of vHNA bacteria conspicuously in-
creased after organic and mixed additions. A stimula-
tion of large elongated bacteria (presumably equiva-
lent to vHNA bacteria) had been previously observed
in a coastal embayment by Jacquet et al. (2002). They
found that large bacteria developed in mesocosms
amended with nitrate, phosphate and glucose, but did
not appear either in the control or in mesocosms
enriched with only inorganic nutrients or only glucose.
The fact that we did not observe a clear response to
inorganic additions and that we observed a strong
response of these bacteria to organic and mixed addi-
tions indicate that their growth is primarily limited by
the bioavailability of organic substrates. On the other
hand, the response to the organic additions (which
provide C and N but do not include P) was positively
correlated to the initial concentration of phosphate.
Nishimura et al. (2005) also found a strong positive cor-
relation between the relative abundance of vHNA and
the concentration of phosphate in a freshwater lake.

Impact of nutrient additions on the phylogenetic
composition of bacterial community

The response of distinct bacterial groups signifi-
cantly differed among experiments (Table 2, Fig. 5).
Nutrient effects on the bacterial community composi-
tion were generally unimportant in the inorganic
treatment, in agreement with the result obtained by
Carlson et al. (2002), who found that the microbial
community composition remained relatively stable
after inorganic N and/or inorganic P additions. We
found 3 general patterns of response: SAR11 and Bac-
teroidetes were unaffected by inorganic additions and
negatively affected by organic additions, Roseobacter
spp. responded positively to all types of additions, and
Gammaproteobacteria responded positively to organic
and mixed treatments. Interestingly, our results agree
with the global patterns of distribution of these rele-

vant bacterial groups. SAR11 dominates the oligo-
trophic regions of the ocean (Morris et al. 2002,
Alonso-Sáez et al. 2007), and can only be cultured in
media containing very low nutrient concentrations
(Rappé et al. 2002). Roseobacter spp. are relatively
more abundant in coastal eutrophic locations, charac-
terised by high levels of inorganic and organic nutri-
ents (Buchan et al. 2005, Alonso-Gutiérrez et al. 2009).
Bacteroidetes are mainly associated with decaying
phytoplankton blooms, likely profiting from complex
DOC (Pinhassi et al. 2004, Alderkamp et al. 2006, Teira
et al. 2008).

Microautoradiography studies combined with FISH
or CARD-FISH have shown that the patterns of glucose
and amino acids utilisation greatly vary among bacter-
ial groups and even for the same group among differ-
ent locations (e.g. Del Giorgio & Gasol 2008). Low
ambient levels of substrates appear to represent a com-
petitive advantage for SAR11 bacteria (Alonso & Pern-
thaler 2006). Therefore, SAR11 cells would be much
less competitive in the uptake of glucose and amino
acids than Gammaproteobacteria and Roseobacter
spp. at our experimental concentrations (0.5 µM). To
our knowledge there are no similar previous experi-
ments using natural microbial assemblages where the
impact of nutrient additions on SAR11 abundance had
been specifically tested. Gammaproteobacteria is a
phylogenetically and physiologically diverse group
which include some opportunistic bacteria charac-
terised by an extraordinarily high growth potential
(Fuhrman & Hagström 2008). These bacteria have
been found to take clear advantage in dilution cultures
(Fuchs et al. 2000) and to be highly responsive to
manipulation (seawater handling or stirring, confine-
ment, nutrient enrichment) (Eilers et al. 2000, Beards-
ley et al. 2003. Horñák et al. 2006). Allers et al. (2007)
also showed an immediate response of Alteromon-
adaceae (a Gammaproteobacteria family) in ammo-
nium-amended mesocosms, increasing their relative
abundance from 10 to 50% of DAPI-stained cells in
24 h. In the present study, we did not find prominent
bursts of Gammaproteobacteria in the controls or in-
organic treatments (Fig. 6), which can be taken as
an indicator of reduced confinement/manipulation
effects. Interestingly, the magnitude of response of
Gammaproteobacteria to organic additions increased
from north (1.4-fold increase in relative abundance) to
south (15-fold increase in relative abundance) (Fig. 7),
which could be related to the increasing inorganic P
availability from north to south (given that the organic
addition provides C and N but no P) (Table 1). Such
gradient in P availability has been recently reported by
Mather et al. (2008). The more P available, the more
organic substrates can be used by Gammaproteobacte-
ria. A significant correlation was found between the
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magnitude of response of Gammaproteobacteria to
organic additions and the initial phosphate concentra-
tion. Davidson et al. (2007) did not observe a response
of Gammaproteobacteria to different N additions,
likely because they added P in excess to both controls
and treatments.

Links between bacterial community composition and
function

A basic understanding of the links between bacteri-
oplankton community composition and function is cru-
cial for building predictive models of how the pelagic
systems will react to global environmental change
(Fuhrman & Steele 2008, Green et al. 2008, Höfle et al.
2008). A wealth of evidence supports a close link be-
tween bacterial diversity and both environmental con-
ditions and microbial function (Kirchman 2004, Fuhr-
man et al. 2006, Alonso-Sáez et al. 2007, Bertilsson et
al. 2007, Teira et al. 2008).

It appears that the bacterial community is strongly
bottom-up-controlled in oligotrophic areas (Carlson et
al. 2002, 2004), where nutrient and C limitation is fre-
quent. It is therefore expected that in such environ-
ments, any change in the quantity and/or quality of
matter inputs might drive important changes in bacte-
rial diversity and consequently in the cycling of C
through the microbial community. Our results strongly
support this hypothesis: changes in the bacterial com-
munity composition are closely linked to changes in
bacterial activity; in fact, Gammaproteobacteria ex-
plained 89% of the total variability in bulk bacterial
activity (Fig. 8). However, we cannot rule out that shifts
in bacterial community composition and function are a
result of covariation driven by changes in nutrient con-
centration.

We have shown a strong inorganic P dependence of
vHNA bacteria and Gammaproteobacteria. There is a
strong positive correlation between Gammaproteobac-
teria and vHNA bacterial abundance (r = 0.784, p <
0.001, n = 160), which suggest that the Gammapro-
teobacteria that responded to the nutrient additions
mostly belong to the vHNA category. Microscopic ob-
servations corroborated the large size of most Gamma-
proteobacteria in the organic and mixed treatments.
The high P requirements could be explained by its
intrinsically high DNA content. We hypothesise that
sharp increases of bacterial production reflect the burst
of rapid responders, mostly belonging to Gammapro-
teobacteria, which have an extraordinary growth
potential and can temporarily grow fast enough to
overcome predation. Therefore, to some extent, P limi-
tation of bacterial activity could derive from the tight
control that P exerts on bacterial community composi-

tion, and consequently, the link found between bacter-
ial community composition and function would be, at
least partially, causal. The complex links between
environmental factors, bacterial assemblage composi-
tion and C cycling should be further explored in the
aim to better predict how the ocean will react to global
change.
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Appendix 1. Fig. A1. Time course of the absolute abundance of (A) Roseobacter spp. (ROS), (B) SAR11, (C) Bacteroidetes (CFB),
and (D) Gammaproteobacteria (GAMMA) in the 5 experiments. INORG, inorganic addition; ORG, organic addition; MIX, mixed

addition. Error bars represent SE from 2 replicates
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