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Abstract

The significant impact of dust deposition on heterotrophic bacterial dynamics in the
surface oligotrophic ocean has recently been evidenced. Considering the central role
of bacteria in the microbial loop, it is likely that dust deposition also affects the structure
and the functioning of the whole microbial food web. In the frame of the DUNE project,5

aiming to estimate the impact of dust deposition on the oligotrophic Mediterranean Sea
through mesocosm experiments, the main goal of the present paper was to assess how
two successive dust deposition events affect the dynamics of the microbial food web.
The first dust seeding delivered new P and N to the amended mesocosms and resulted
in a pronounced stimulation of bacterial respiration. It also induced pronounced, but10

transient, changes in the bacterial community composition. No significant effects were
observed on the abundances of viruses and heterotrophic nanoflagellates. The second
dust seeding also delivered new P and N to the amended mesocosms but the effect on
the microbial food web was very different. Bacterial respiration remained constant and
bacterial abundance decreased. Compositional changes following the second seeding15

were minor compared to the first one. The decrease in bacterial abundance coincided
with an increase in virus abundance, resulting in higher virus: bacteria ratios through-
out the second seeding period. Our study shows that dust deposition to the surface
oligotrophic ocean may involve important modifications of the trophic links among the
components of the microbial food web with presumed consequences on C and nutrient20

cycling.

1 Introduction

Nutrient cycles control the strength of the biological carbon pump through which CO2
is consumed in surface water and transported as sinking organic carbon to the deep
sea (Balino et al., 2001). Therefore, understanding what governs nutrient cycles in the25

ocean and to which extent climate change plays a role in this schema is essential to
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understand the oceanic carbon cycle and to predict its evolution. Increasing evidence
indicates that not only phytoplankton but also heterotrophic bacteria are limited by inor-
ganic nutrients, mainly P, in oligotrophic oceanic systems (Rivkin and Anderson, 1997;
Thingstad et al., 1998; Obernosterer et al., 2003; Zohary et al., 2005) thus suggesting
that the supply of these resources could explain variability in bacterial activity.5

Dust deposition is recognized as a significant source of macro- and micro-nutrients
to the surface ocean (Jickells et al., 2005; Mahowald et al., 2008). The recent effort
to understand the role of these inputs on ocean biogeochemistry has focused on the
impact on autotrophic productivity, given their potential to generate new production.
However, recent studies combining field and experimental approaches have demon-10

strated significant increase in heterotrophic bacterial abundance and respiration fol-
lowing dust deposition in oligotrophic ecosystems (Pulido-Villena et al., 2008; Lekun-
berri et al., 2010). Moreover, heterotrophic processes appear to be more stimulated
by dust pulses compared to autotrophic processes with increasing degree of oligotro-
phy, the dominant response being modulated by the competition for nutrients between15

phytoplankton and bacteria (Marañón et al., 2010). Considering the central role of bac-
teria in the microbial loop (Azam, 1998), it is likely that dust deposition also affects the
structure and, importantly, the functioning of the whole microbial food web. The conse-
quences of dust pulses on the dynamics of the microbial food web (including viruses,
heterotrophic nanoflagellates) and, thus, on the fate of bacterial production remains, to20

our knowledge, poorly documented.
Both viruses and heterotrophic nanoflagellates can be significant sources of bacte-

ria mortality in oligotrophic oceanic systems (Zhang et al., 2007; Bonilla-Findji et al.,
2009; Boras et al., 2009, 2010). Both loss processes are density-dependent and will
thereby be affected by the abundance of heterotrophic bacteria (e.g. Vaqué et al., 1994;25

Murray and Jackson, 1994). Dust-induced changes in bacterial dynamics may thus in-
directly modify the rates of grazing and viral lysis. In addition, physical interactions of
bacteria-virus-nanoflagellates with inorganic particles can also shift the relative impact
of grazing and viruses on bacterial mortality (Salter et al., 2011). Understanding the
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relative contribution of the losses due to viruses and heterotrophic nanoflagellates is
critical because each of these processes influence the functioning of the microbial C
pump in different ways (Fuhrman, 1999; Wilhem and Suttle, 2000). Grazing channels
bacterial biomass to the higher trophic levels whereas viral lysis transforms this living
biomass into dissolved organic matter that can be readily incorporated by non-infected5

bacteria. This viral shunt has been shown to result in a net increase in bacterial respira-
tion and decrease in growth efficiency (Middelboe et al., 1996; Motegi et al., 2009). The
dynamics of the microbial food web may thus play a much larger role in the connections
between dust and the ocean carbon cycle than previously recognized.

The Mediterranean Sea is a typical LNLC region, particularly well adapted to tackle10

the question of the role of atmospheric input: it is an oligotrophic, quasi-enclosed basin,
which receives a noticeable atmospheric flux of Aeolian soil dust, mainly derived from
the Sahara desert, in the form of strong pulses (Loye-Pilot et al., 1986; Guerzoni
et al., 1999). Moreover, during the stratification period, the Mediterranean Sea exhibits
a severe nutrient depletion after the spring bloom and both bacterioplankton and phy-15

toplankton are strongly P-limited and/or N–P co-limited (Thingstad et al., 1998; Van
Wambeke et al., 2009; Moutin et al., 2012).

The DUNE project aimed at estimating the impact of dust deposition on an olig-
otrophic system, the Mediterranean Sea, based on mesocosm experiments simulating
strong atmospheric inputs of desert dust. In the frame of this project, the main goal20

of the present paper was to assess how two successive dust deposition events affect
the dynamics of the microbial food web in oceanic surface waters under oligotrophic
conditions.
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2 Material and methods

2.1 Experimental design and sampling

An experimental dust addition into large mesocosms (33 m3, 15 m depth) was con-
ducted between 26 June and 9 July 2010 in the frame of the DUNE project (DUNE-R
experiment, www.obs-vlfr.fr/LOV/DUNE, Guieu et al., 2013, this issue). The DUNE-R5

experiment was carried out in the Reservation Area of Scandola (Corsica, France), an
oligotrophic site (Chl a = 0.1 µgL−1, Guieu et al., 2013, this issue) protected from hu-
man influence. Three replicate mesocosms (hereafter “D-mesocosms”) were amended
one first time with 41 g of mineral dust mimicking a realistic flux of 10 gm−2. A second
identical seeding was performed 168 h after the first one. A detailed description of the10

dust used for the experiment can be found in Guieu et al. (2013, this issue). Three
other mesocosms (hereafter, “C-mesocosms”) served as controls. Samples from the
six mesocosms were taken just before the first dust addition and at 24 h interval times
during 7 days starting 4 h after the first amendment. A schematic picture of the sam-
pling strategy can be found in Guieu et al. (2013 this issue). Seawater was also col-15

lected outside the mesocosms (hereafter “OUT”) at selected times during the experi-
ment in order to check for any contamination inside the mesocosms. Filtered seawater
(< 0.2 µm, Sartobran cartridge filter) for dissolved inorganic phosphorus (DIP) analy-
ses and unfiltered seawater for bacterial abundance (BA), bacterial respiration (BR),
bacterial community structure, virus abundance (VA), and heterotrophic nanoflagellate20

abundance (HNFA) was collected using a trace metal-clean Teflon pump system. Sam-
ples for DIP, BA and VA were collected at three different depths (0, 5 and 10 m) whereas
samples for BR, HNFA and bacterial community structure were collected at 5 m depth.

2.2 Dissolved inorganic phosphorus (DIP) analysis

DIP was analyzed by spectrophotometry (Murphy and Riley, 1962; Zhang and Chi,25

2002) using a long waveguide capillary cell (LWCC). In the recent years, a number
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of studies focusing on the analytical accuracy of the LWCC technique for measuring
DIP have demonstrated a good agreement with the MAGIC technique (Li and Hansell,
2008) and negligible interference with arsenate and silicate (Li and Hansell, 2008; Ma
et al., 2009). The used LWCC was 2 m long and the technique achieved a limit of
detection (LOD = three times the standard deviation of 10 measurements of the blank)5

of 1 nmolL−1. More details on the analytical procedure can be found in Pulido-Villena
et al. (2010).

2.3 Enumeration of heterotrophic bacteria, heterotrophic nanoflagellates
and viruses

For heterotrophic bacterial abundance (BA), duplicate subsamples (1.8 mL) were fixed10

with formaldehyde (2 % final concentration), kept at 4 ◦C for 30 min, and then stored
at −80 ◦C until flow cytometric analysis as described in Lebaron et al. (2001). Het-
erotrophic bacterial counts were performed with the FACSCalibur flow cytometer (Bec-
ton Dickinson) equipped with an air-cooled argon laser (488 nm, 15 mW). Bacterial cells
were stained with SYBR Green I (Invitrogen – Molecular Probes) at 0.025 % (vol/vol)15

final concentration for 15 min at room temperature in the dark. Stained bacterial cells
were discriminated and enumerated according to their right-angle light scatter (SSC)
and green fluorescence measured at 530/30 nm. In a plot of green fluorescence vs.
red fluorescence, we were able to distinguish photosynthetic from non-photosynthetic
bacteria. The volume analyzed was around 15 µL at Low Speed. The cell abundance20

was determined from the flow rate, which was calculated by weighing one tube of MilliQ
water before and after a 5 min run of the cytometer. The flow rate was determined after
every 5 samples. Fluorescent beads (1.002 µm; Polysciences Europe) were systemat-
ically added to each analyzed sample as internal standard.

For the enumeration of heterotrophic nanoflagellates (HNF), samples (3.8 mL) were25

fixed with glutaraldehyde (1 %, final concentration), incubated for 30 min at 4 ◦C and
then stored at −80 ◦C until flow cytometric analyses following the protocol described
in Christaki et al. (2011). HNF counts were performed with the FACSCanto II flow cy-
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tometer (Becton Dickinson) equipped with 3 air-cooled lasers: blue (argon 488 nm), red
(633 nm) and violet (407 nm). Staining was performed with SYBR Green I (Invitrogen–
Molecular Probes) at 0.05 % (v/v) final concentration for 15–30 min at room temper-
ature in the dark. The volume analyzed was around 1 mL at High Speed (around
100 µLmin−1) for 10 min.5

For virus counts (VA), samples (1 mL) were fixed with glutaraldehyde (0.5 % final
concentration) incubated for 15 min at 4 ◦C, frozen in liquid nitrogen and stored at
−80 ◦C until flow cytometric analysis according to Brussaard (2004). Virus counts were
performed on a FACSCalibur flow cytometer (Becton Dickinson). Numbers were cor-
rected for the blank consisting of TE-buffer with autoclaved 0.02 µm filtered seawa-10

ter in the correct dilution. Two virus groups (V1 and V2) could be discriminated on
the basis of the green fluorescence and side scatter signature. Data were analyzed
using the freeware CYTOWIN (http://www.sb-roscoff.fr/Phyto/index.php?option=com_
content&task=view&id=72&Itemid=123).

2.4 Bacterial respiration15

Samples from 5 m depth of each mesocosm were gently filtered through a 0.8 µm PC
filter under low vacuum pressure and the filtrate was siphoned into a set of six BOD
bottles. Three BOD bottles from each mesocosm were immediately fixed with Winkler
reagents and the rest were incubated in the dark in a tap water bath to minimize tem-
perature variations. All the incubated BOD bottles were fixed with Winkler reagents af-20

ter 24 h. Oxygen concentration was measured through a spectrophotometric approach
based on measuring the absorbance at 466 nm of the colored I2 and I−3 (Labasque
et al., 2004; Reinthaler et al., 2006). The concentration of oxygen was calculated by
comparing the absorbance in a sample against standards of known oxygen content
made from 0.0467 molL−1 potassium iodate (KIO3) solutions.25
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2.5 Bacterial diversity

For bacterial diversity, volumes of 500 mL were sampled every 2 days in the meso-
cosms at 5 m depth. Seawater was filtered through 0.8 µm filters (47 mm polycarbonate
(PC) filters, Nuclepore, Whatman) and bacterial cells were collected from the < 0.8 µm
filtrate on 0.2 µm PC filters (47 mm PC; Nuclepore, Whatman). Filters were stored at5

−80 ◦C until analysis. DNA and RNA extraction, amplification as well as CE-SSCP
analysis were performed as described in Laghdass et al. (2011).

Filters were plunged in lysis buffer (40 mM EDTA, 50 mM Tris, 0.75 M sucrose) and
underwent three freeze and thaw cycles using liquid nitrogen and a 65 ◦C water bath.
They were then incubated with a freshly prepared lysozyme solution (2 mgmL−1 final)10

during 45 min at 37 ◦C under gentle agitation. Proteinase K (0.2 mgmL−1 final) and
SDS (1 % final) were added and a second incubation (1 h, 55 ◦C) was performed. DNA
and RNA were coextracted using an Allprep DNA/RNA Mini Kit (Qiagen) according
to the manufacturer’s instructions. To avoid DNA contamination in the RNA fraction,
a DNase step was performed during RNA extraction, using the RNase-free DNase set15

from Qiagen and following the kit’s instructions. The quality and concentration of DNA
and RNA were checked by agarose gel electrophoresis (1 %), and DNA was stored at
−20 ◦C.

For RNA samples, denaturation was performed by adding reverse primer w34 (5′-
TTA CCG CGG CTG CTG GCA C-3′) (Lee et al., 1996) (1 µM final concentration) to20

13 µL of RNA before incubation at 94 ◦C for 5 min followed by rapid cooling on ice. Re-
verse transcription was achieved by adding dNTPs (0.8 µM final concentration), MMLV
reverse transcriptase and 5X MMLV buffer (Promega) and incubating the samples at
42 ◦C for 1 h. The cDNA samples were stored at −20 ◦C.

DNA and cDNA were amplified using the bacterial specific primers w49 forward (5′-25

ACG GTC CAG ACT CCT ACG GG-3′) (Delbes et al., 2000) and reverse w34 (see
above), targeting about 200 bp of the V3 region of the 16S rRNA gene. W34 was
5′-labelled with TET to enable detection. PCR reactions contained 1 µL of DNA or
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cDNA, 0.3 µM primers, 0.8 µM dNTPs, pfu DNA polymerase (1U final), pfu buffer (1X,
Promega), and UV-sterilized milliQ water (QS 50 µL). The PCR protocol we used was
1 min at 94 ◦C followed by 25 cycles of 30 s at 94 ◦C, 30 s at 61 ◦C and 30 s at 72 ◦C with
a final extension of 10 min at 72 ◦C. Amplification products were verified by agarose gel
electrophoresis (1 %) and their concentrations estimated by comparison with molecular5

size markers (Smart Ladder, Promega).
For analysis of 16S rRNA genes and transcripts in CE-SSCP, samples were diluted

and 1 µL of each dilution was mixed with 18.8 µL of deionized formamide (Hi-Di for-
mamideTM; Applied Biosystems) and 0.2 µL of the internal size standard GeneScan-
400HD (Rox) (Applied Biosystems). A denaturation step of 5 min at 94 ◦C was per-10

formed and samples were immediately placed in a water/ice bath for 10 min. Fragments
were separated by CE-SSCP as described previously (Delbes et al., 2000) using an
ABI310 Genetic Analyser (Applied Biosystems) with electrophoresis at 12 kV and 30 ◦C
for 30 min per sample. The electropherograms were analysed by the Genescan soft-
ware (Applied Biosystems) and the obtained profiles were aligned and normalized us-15

ing the Rox internal standard with SAFUM (Zemb et al., 2007). Operational taxonomic
units (OTUs) were defined for peaks reaching at least 150 fluorescence units, that is,
three times the value of the base line. Peaks with identical retention times between
samples were considered one identical OTU. For the fingerprints obtained from the
16S rRNA gene, we refer in the following to the total community, and for the finger-20

prints obtained from the 16S rRNA transcripts we refer to the active community.

2.6 Statistical analysis

To explore dust-induced changes in the study parameters, we checked for significant
differences between the C-mesocosms and the D-mesocosms immediately after each
seeding (up to day 2 and up to day 8; pairwise Student’s t test) and during the whole25

first and second seeding periods (up to day 6 and from day 7 to the end, respectively,
Student’s t test grouped comparison).
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To follow dust-induced changes in the composition of the total and active bacte-
rial community, we tested for each of the OTUs individually and for each time point
whether its relative abundance was significantly different between the dust and the
control mesocosms (Students t test, p < 0.05). For any OTU that was significantly dif-
ferent between treatments, we calculated its mean relative abundance in the D- and5

C-mesocosms, and the difference in the relative abundance as Dmean −Cmean. The dif-
ference was then expressed as percent of the total peak area of the control community.

3 Results

3.1 Biogeochemical characteristics of the study site

A detailed description of the main environmental conditions encountered during the10

DUNE-R experiment can be found in Guieu et al. (2013, this issue). Briefly, seawater
temperature during the whole experiment ranged between 20.0 and 27.3 ◦C, with a sig-
nificant increase in surface temperature and well stratified waters towards the end of
both seeding periods. At the beginning of the experiment, chl a averaged 0.07 µgL−1,
nitrate concentration was below the limit of detection of the used technique (30 nM) and15

dissolved iron averaged 3.3 nM (Guieu et al., 2013, Table 1). The first dust seeding re-
sulted in a 1.9 fold increase in the chl a concentration in the D-mesocosms compared
to the C-mesocosms. The second seeding induced an additional increase, yielding
up to a 2.4-fold higher chl a concentration in the D-mesocosms as compared to the
C-mesocosms) (Guieu et al., 2013, this issue). Nitrate concentration increased in the20

D-mesocosms to 3 µM after the first seeding and then decreased to 0.5 µM by the end
of the first seeding period. The second seeding induced a greater increase in nitrate
concentration (up to 10 µM) (Ridame et al., 2013, this issue). The initial iron values be-
fore the dust addition varied between 2.2 and 4.4 nmolL−1 inside the mesocosms and
outside. The first seeding resulted in a decrease of dissolved iron, whereas the second25
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addition of dust induced dissolution of Fe from the dust particles (Wuttig et al., 2013,
this issue).

Dissolved inorganic phosphorus (DIP) concentration was 5±2 nM (mean value of
OUT samples and D- and C-mesocosms at the three depths) before the seeding. Ten
hours after the first seeding, depth-averaged DIP concentration increased in the D-5

mesocosms to 9±1 nM and decreased to initial values (4±1 nM) in the following sam-
pling (23 h after the seeding) and, thereafter, remained constant until the end of the first
phase of the experiment (Fig. 1). At the end of the first seeding period, DIP was homo-
geneous among C- and D-mesocosms and OUT station, averaging 4 ± 2 nM (Fig. 1).
Regarding the second seeding, DIP increased significantly in surface and 5 m depth10

after 5 h. Contrary to the first seeding, DIP in D-mesocosms remained fairly constant
and significantly higher than in C-mesocosms until the end of the experiment (Fig. 1).
While for the first seeding the increase in DIP was similar among the three mesocosms,
the second seeding induced a higher inter-mesocosm variability.

3.2 Bacterial abundance and respiration15

Before the first seeding, bacterial abundance (BA) in the six mesocosms and in OUT
samples averaged 4.7±0.4×105 cellmL−1 (all depths). Throughout the experiment,
BA was slightly higher in OUT samples than inside the mesocosms at all depths.
BA behaved differently after the two conducted dust seedings. One day after the first
seeding, there was a significant 1.2-fold difference in BA in D-mesocosms compared20

to C-mesocosms at the surface (t(4) = 3.8, p < 0.05), whereas no significant differ-
ences were observed between D- and C-mesocosms at 5 and 10 m depth. During the
rest of the first seeding period, no significant differences in BA between C- and D-
mesocosms were observed at any of the study depths. By contrast, during the second
seeding period, BA in D-mesocosms showed substantial variability (a decrease was25

observed in two out of three mesocosms) but it was, on average, significantly lower
than in C-mesocosms at the surface (1.1 fold, t(34) = 2.4, p < 0.05), 5 m (1.1 fold,
t(34) = 3.9, p < 0.001) and 10 m depth (1.1 fold, t(34) = 2.5, p < 0.01) (Fig. 2).
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Bacterial respiration (BR), determined only at 5 m depth, was 1.0±0.2 µmolCL−1 d−1

(average value for mesocosms and OUT sample) before the seeding and it exhib-
ited similar values between OUT samples and C-mesocosms throughout the experi-
ment. After the first dust amendment, BR was enhanced by 3.5-fold in D-mesocosms
compared to C-mesocosms and it remained significantly higher, in average (t(27) =5

6.7, p < 0.001), until the last available sampling point (ten days after the seeding). No
additional increase in BR was observed after the second dust amendment (Fig. 3).

3.3 Bacterial community structure

We observed a pronounced change in the bacterial community composition four days
after the first seeding and changes were minor after the second seeding (Fig. 4a).10

After 4 days, the relative abundance of 4 OTUs was significantly higher in the D- than
in the C-mesocosms, and the relative abundance of 8 OTUs was significantly lower in
the D- than in the C-mesocosms. The sum of the dust-induced changes accounted for
up to 55 % of the total community 4 days after the first seeding, while it was < 22 %
after the second seeding. Dust-induced changes of the active bacterial community15

revealed a similar pattern following the first seeding with a marked response after 4
days (Fig. 4b). A second remarkable change was detectable at day 13 corresponding
to 6 days after the second seeding.

We used the Simpson index to evaluate whether changes in the number of OTUs and
their relative contributions occurred in response to dust addition. Our results reveal that20

dust addition had no effect on the diversity of the total and active bacterial community
(Fig. 5). Diversity of the total community decreased during the first 11 days of the
experiment, then rapidly increased. This pattern was less pronounced for the diversity
of the active community.
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3.4 Virus and heterotrophic nanoflagellate abundance

Before the first seeding, total virus abundance (VA) in the six mesocosms and in OUT
samples averaged 3.5±0.4×106 particlesmL−1 (all depths, Fig. 6). VA at the station
OUT was slightly lower than in C-mesocosms during the course of the experiment. In
C-mesocosms, VA remained quite stable except for 2 steep decreases in abundance5

observed at day2 and day11 (at all depths). No significant differences in VA were ob-
served in D-mesocosms compared to C-mesocosms during the first dust seeding pe-
riod at any of the study depths. However, during the second seeding period, VA was,
on average, significantly higher in D-mesocosms than in C-mesocosms at surface (1.1
fold, t(34) = 2.4, p < 0.05) and 5 m depth (1.1 fold, t(34) = 2.4, p < 0.05) (Fig. 6). The10

observed higher VA was associated with a concomitant lower in BA in D-mesocosms,
resulting in significantly higher virus to bacteria ratio in D-mesocosms than in C-
mesocosms during the second seeding period at surface (t(34) = 3.0, p < 0.01), 5 m
depth (t(34) = 2.4, p < 0.05) and 10 m depth (t(34)= 2.9, p < 0.01) (Fig. 7).

The abundance of heterotrophic nanoflagellates (HNFA), determined only at 5 m15

depth, varied during the duration of the experiment between 196 and 1000 cellmL−1.
HNFA was higher in OUT samples than inside the mesocosms throughout the exper-
iment. Similar dynamics were observed for C- and D-mesocosms and there were no
significant differences in HNFA between both treatments at any of the seeding periods
(Fig. 8).20

4 Discussion

4.1 Effect of dust on inorganic nutrients

The successive dust seedings performed during the DUNE-R experiment induced dis-
tinct modifications in the biogeochemical conditions of the study waters. Generally, both
seedings resulted in increased concentrations of dissolved inorganic phosphorus (DIP,25
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this study) and nitrate (NO−
3 , Ridame et al., 2013b, this issue) concentrations. However,

the intensity of these effects was notably different between the seedings, with greater
differences between D- and C-mesocosms observed after the second seeding. The
homogeneity among mesocosms of the concentrations in DIP and NO−

3 introduced by
dust differed also between the first and second seeding periods. While after the first5

seeding, the effect was similar among the three D-mesocosms, a clear response was
only observed in two (D1 and D2) out of the three mesocosms during the second seed-
ing.

At the beginning of the experiment, the DIP and NO−
3 concentrations (5 nM and ≤

30 nM, respectively) would suggest a N-limitation or N–P-co-limitation of the biological10

activity (N : P ratio≤ 6). The dust used for the seedings exhibits a total N : P ratio of 55
(Guieu et al., 2013a, this issue). Assuming a 100 % dissolution of nitrogen (which was
artificially added as part of the atmospheric transport simulation process) and a 15 %
dissolution of P (Ridame and Guieu, 2002; Pulido-Villena et al., 2010), the seeding
would have delivered new N and P at a N : P ratio of 350, and would have pushed15

the system towards a strong P-limitation. Indeed, the N : P ratio in the D-mesocoms
increased to ca. 300 after the first seeding and it was further enhanced to 500 at the
end of the first seeding period and during most part of the second one. N : P ratios
decreased to values around 16 at the end of the experiment. The higher delivery of
N relative to P through atmospheric deposition has been evoked as responsible, in20

part, for the high N : P ratios encountered in the Mediterranean Sea, particularly in the
Eastern basin (Krom et al., 2010; Markaki et al., 2010). Although estimated N : P ratios
in DUNE dust (350) are substantially higher than reported for atmospheric deposition
in western (50) and eastern (100) basins (Markaki et al., 2010) these results would
confirm the contribution of atmospheric deposition in determining N : P ratios in the25

Mediterranean Sea.
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4.2 Pronounced response of bacterial respiration

Bacterial respiration revealed the most pronounced response to dust addition, while
the responses of heterotrophic bacteria and virus abundances were moderate and re-
stricted to the second seeding period. A strong stimulation of BR by dust pulse has
already been reported for the open Mediterranean Sea (Pulido-Villena et al., 2008)5

and the observed response agrees with previous studies showing clearer responses of
metabolic rates and weaker responses in terms of biomass (Herut et al., 2005; Lekun-
berri et al., 2010; Marañón et al., 2010; Laghdass et al., 2011). Given the N : P ratios
encountered in the study site at the beginning of the DUNE-R experiment, heterotrophic
bacterial activity would have been presumably limited by the availability of DIP or co-10

limited by N and P. Indeed, bacterial activity has been generally reported to be P-limited
in the Mediterranean Sea (e.g. Thingstad et al., 1998) although recent studies have
pointed to a N–P co-limitation (Tanaka et al., 2011).

High abundances of Posidonia seagrasses could be easily observed in the study site
during the DUNE-R experiment. DOC concentration in coastal waters of the Mediter-15

ranean Sea under the influence of Posidonia Oceanica meadows has been reported
to be higher than other oligotrophic sites (up to 135 µM) and to support high bacte-
rial respiration rates (Navarro et al., 2004). Using 100 µM (or 135 as above) as an
upper estimate for DOC, C : N and C : P ratios are well above the respective ratios de-
termined for bacterial cells (C : N : P of 45 : 9 : 1; Goldman et al., 1987; Faggerbakke20

et al., 1996). Thus, C-limitation of bacterial activity at the beginning of the experiment
could be conservatively ruled out.

Whether dust addition stimulated directly or indirectly bacterial respiration constitutes
a key question for this study. The rapid decrease of DIP introduced by the first seeding
and concomitant increase in BA after 2 days suggests a direct effect due to the addition25

of the limiting nutrient P. However, the extent of increase in bacterial respiration, and the
still high bacterial respiration rates recorded during the second seeding, when P was
not consumed, would also suggest an indirect effect by phytoplankton. Phytoplankton
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was stimulated by the first and the second dust addition (Guieu et al., 2013a, this is-
sue). Even if C appeared not to be the limiting nutrient, bacterial respiration could have
been stimulated by labile phytoplankton-derived dissolved organic matter (DOM). Be-
sides C, phytoplankton DOM also provides N and P, offering an alternate source of the
limiting element to bacteria. The switch to this source could explain the non-utilization5

of DIP during the second seeding. In this regard, the first seeding period seems to be
characterized by a bottom-up control of bacterial dynamics with an increase in BA and
BR just after the dust amendment.

4.3 Effect of dust on bacterial community composition

The first dust addition induced rapid, but transient changes in bacterial community com-10

position, and changes following the second seeding were minor. This pattern reflects
a rather short-term response to the environmental conditions set by the first seeding,
such as those related to inorganic nutrient conditions and/or phytoplankton growth.
Our results are in line with observations from microcosm studies where the effect of
dust was followed over 2–3 days. Dust addition to surface waters of the central Atlantic15

Ocean stimulated Roseobacter and Gammaproteobacteria, and lead to a decrease in
SAR11 after 2 days of incubation (Marañón et al., 2010). Similarly, metabolic rates of
Prochlorococcus and a bacterial population dominated by SAR11 were reduced upon
dust addition in the North Atlantic Ocean (Hill et al., 2010). In a microcosm experiment
performed in the NW Mediterranean Sea, the dust induced changes detectable after 320

days were similar to those obtained in P-amended microcosms suggesting that the re-
sponse was mainly driven by P (Lekunberri et al., 2010). In a previous mesocosm study
performed in June 2008 at the same site (DUNE1), but with a lower temporal sampling
resolution, bacterial communities collected 8 days after the seeding did not reveal any
marked differences (Laghdass et al., 2011). Together, these results indicate that dust25

addition can selectively stimulate certain bacterial groups, probably by providing spe-
cific conditions favorable for their growth. However, the present study demonstrates
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that these changes are transient, and that consecutive dust deposition events greatly
diminish the initial bacterial response.

4.4 Divergent responses of viruses and HNF dynamics to dust addition

Although both heterotrophic bacteria and phytoplankton clearly responded to the first
seeding, neither HNF nor viruses appeared to be impacted, at least in terms of abun-5

dance. By contrast, the second seeding was associated with moderate but significantly
higher virus abundance (VA) while HNF dynamics remained unchanged. Viral dynam-
ics result from the balance between loss and production processes. The observed
higher standing stock of virus might either result from a reduced decay rate or a stim-
ulated production of viruses in the D-mesocosms. The latter hypothesis seems more10

plausible as the observed higher VA were associated to a concomitant decrease in
bacterial abundance (BA). Dust-induced changes in VA (VAdust – VAcontrol) correlate
significantly with dust-induced changes in BA (BAdust – BAcontrol) at all depths, dur-
ing the second seeding period (surface: r = −0.55, p < 0.05; 5 m: r = −0.59, p < 0.01;
10 m: r = −0.65, p < 0.01). Although viral production on heterotrophic bacteria was15

not monitored, this strong relationship suggests a possible viral mediated control of
the bacterial community during the second dust amendment. Theoretical calculation of
the % of infected bacteria using the dust-induced changes in VA and a conservative
burst size of 20 (Parada et al., 2006) would actually explain 23 to 90 % (average 45 %)
of the observed decrease in bacterial abundance during the second seeding period20

(Fig. 9). Altogether, these results suggest that the second seeding stimulated viral lysis
of bacteria, and, thereby, shifted the balance of bottom-up and top-down controls of the
bacteria production.

Although few field studies have inferred simultaneous rates of viral lysis and HNF
grazing in oligotrophic settings, bacteria mortality due to viruses appears to be a more25

variable process than HNFs grazing (Bonilla-Findji et al., 2009; Boras et al., 2009,
2010). For example, a time-series study conducted in a coastal oligotrophic system
recorded enhanced rates of viral lysis with increasing bacterial abundance and produc-
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tion whereas concomitant rates of HNF grazing remained constant (Boras et al., 2009).
Factors responsible for increased viral proliferation are the relative host-virus abun-
dance (Murray and Jackson, 1992), these hosts’ activity (Middelboe et al., 2000) and
the induction of prophage (i.e., phages integrated into their host genome), ultimately
leading to the lysis of lysogenic bacteria (Paul, 2008; Williamson et al., 2002). The sec-5

ond dust addition induced an enhanced viral production while bacterial respiration and
community composition remained unchanged. This uncoupling between bacterial and
viruses responses would favor the hypothesis of an induction of prophages. Significant
proportion of inducible lysogenic bacteria was indeed reported in oligotrophic ecosys-
tems (Jiang and Paul, 1996; Paul, 2008) including the Mediterranean Sea (Weinbauer10

et al., 2003). Although the mechanisms that trigger the lysis of lysogens are not well
constrained, several studies suggested that this process might be governed by the
changes in host metabolic status (Williamson et al., 2002; Oppenheim et al., 2005).
Particularly relevant to our study, Boras et al. (2009) evidenced that the addition of P
to nutrient-poor waters could be a factor inducing lysogeny of natural bacterial com-15

munities. In the present study, the addition of P by dust addition could have triggered
lysogeny upon the second amendment but the lack of response of the virus commu-
nity to the first seeding remains puzzlingly. Altogether, these results indicate that dust
deposition can induce substantial modifications of the trophic interactions within the
microbial loop.20

5 Summary and conclusions

Our results confirm previous evidence that heterotrophic bacteria play a crucial role
within the connections between dust deposition and ocean carbon cycle. In oligotrophic
systems, where C export in the dissolved form can be equal or higher than particulate
C export (Carlson et al., 1994), the stimulation of bacterial respiration by dust pulses25

may decrease the amount of DOC susceptible to be exported to depth through winter
mixing. In addition, by enhancing bacterial activity, dust deposition may modify bacte-
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rial processing of dissolved organic matter and, thus, its residence time in the water
column, with consequences on the efficiency of the Microbial Carbon Pump (MCP, Jiao
et al., 2010). Process studies devoted to the bacterial transformation of DOM after dust
pulses would allow to parametrize the links between dust deposition and the MCP in
the oligotrophic ocean.5

Our study also shows that the dust deposition to the surface ocean can shape the
trophic links among the components of the microbial food web. If, as indicated by our re-
sults, viral lysis is stimulated by dust addition, this would have crucial consequences on
the cycling of DOC and the remineralization of nutrients. Indeed, the consequences of
such effect may include the re-mineralisation and release of macro- and micro-nutrients10

to the water column and/or the decrease in the export of particulate C due to the con-
version of organic matter from the particulate to the dissolved phase (Fuhrman, 1999;
Middelboe et al., 2000; Wilhelm and Suttle, 2000).

Our study shows that the effects of dust deposition on ocean carbon cycle are not
restricted to a simple response of autotrophic phytoplankton and/or heterotrophic bac-15

teria. They may involve important modifications of the trophic links, particularly within
the microbial food web, with crucial consequences on C and nutrient cycling.
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Table 1. Initial biogeochemical conditions of seawater in the DUNE-R experiment (average for
C-, D-mesocosms and OUT samples). DIP: Dissolved inorganic phosphorus; DL: detection limit
(0.03 µM for NO−

3 ). Values for chlorophyll a, DIP, NO−
3 and dFe data are average concentrations

at surface, 5 and 10 m depth. Value for primary production is the mean rate at 5 m depth.

DUNE-R

Chlorophyll a, µgL−1 0.07±0.02a

Primary production, mgCm−3 d−1 3.89±0.46b

DIP, nM 5±3
NO−

3 , µM < DLb

dFe, nM 3.3±0.8c

a From Guieu et al. (2013, this issue).
b From Ridame et al. (2013, this issue).
c From Wuttig et al. (2013, this issue).
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Fig. 1. Dissolved inorganic phosphorus (nM, mean ± standard deviation of three replicate
mesocosms) in D- and C-mesocosms and OUT samples at surface (A), 5 (B) and 10 (C) m
depth during the DUNE-R experiment. Grey vertical bars represent the dust seedings.
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Fig. 2. Bacterial abundance (cell m L−1, mean ± standard deviation of three replicate meso-
cosms) in D- and C-mesocosms and OUT samples at surface (A), 5 (B) and 10 (C) m depth
during the DUNE-R experiment. Grey vertical bars represent the dust seedings.
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Fig. 3. Bacterial respiration (µmol C L−1 d−1, mean ± standard deviation of three replicate meso-
cosms) in D- and C-mesocosms and OUT samples at 5 m depth during the DUNE-R experi-
ment. Grey vertical bars represent the dust seedings.
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Fig. 4. Changes in the relative abundance of total (a) and active (b) OTUs in response to
dust addition at 5 m depth during the DUNE-R experiment. Positive changes indicate higher,
and negative changes indicate lower relative abundance in dust than in control mesocosms.
Changes in relative abundances are expressed as percent of the total community. Only OTUs
with significantly different relative abundances in the DUST and CONTROL-mesocosms are
shown.
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Fig. 5. Diversity (Simpson index) of the total (squares) and active (triangles) bacterial commu-
nity in D- (filled symbols) and C-mesocosms (empty symbols) at 5 m depth during the DUNE-R
experiment. Grey vertical bars represent the dust seedings.
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Fig. 6. Virus abundance (particle mL−1, mean ± standard deviation of three replicate meso-
cosms) in D- and C-mesocosms and OUT samples at surface (A), 5 (B) and 10 (C) m depth
during the DUNE-R experiment. Grey vertical bars represent the dust seedings.
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Fig. 7. Ratios virus and bacterial abundance (mean ± standard deviation of three replicate
mesocosms) in D- and C-mesocosms and OUT samples at surface (A), 5 (B) and 10 (C) m
depth during the DUNE-R experiment. Grey vertical bars represent the dust seedings.
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Fig. 8. Heterotrophic nanoflagellate abundance (cell mL−1, mean ± standard deviation of three
replicate mesocosms) in DUST- and CONTROL-mesocosms and OUT samples at 5 m depth
during the DUNE-R experiment. Grey vertical bars represent the dust seedings.
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Fig. 9. Theoretical calculation of viral infected bacterial abundance (cell m L−1, mean ± standard
deviation of three replicate mesocosms) based on the dust-induced changes in VA (VAdust-
VAcontrol) at surface (A), 5 (B) and 10 (C) m depth during the DUNE-R experiment and a con-
servative burst size of 20 (Parada et al., 2006). Grey vertical bars represent the dust seedings.
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