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Abstract. The main goal of project DUNE was to es- role of atmospheric deposition on oligotrophic ecosystems
timate the impact of atmospheric deposition on an olig-and its impact on the carbon budget. The dissolved trace met-
otrophic ecosystem based on mesocosm experiments simals with crustal origin — Mn, Al and Fe — showed different
lating strong atmospheric inputs of eolian mineral dust. behaviors as a function of time after the seeding. The in-
Our mesocosm experiments aimed at being representativerease in dissolved Mn and Al concentrations was attributed
of real atmospheric deposition events onto the surface ofo dissolution processes. The observed decrease in dissolved
oligotrophic marine waters and were an original attempt toFe was due to scavenging on sinking dust particles and ag-
consider the vertical dimension after atmospheric depositiorgregates. When a second dust seeding followed, a dissolu-
at the sea surface. tion of Fe from the dust particles was then observed due to
This introductory paper describes the objectives of DUNEthe excess Fe binding ligand concentrations present at that
and the implementation plan of a series of mesocosm experitime. Calcium nitrate and sulfate were formed in the dust
ments conducted in the Mediterranean Sea in 2008 and 2018nalog for wet deposition following evapocondensation with
during which either wet or dry and a succession of two wetacids for simulating cloud processing by polluted air masses
deposition fluxes of 10 g i? of Saharan dust have been sim- under anthropogenic influence. Using a number of particu-
ulated based on the production of dust analogs from erodibléate tracers that were followed in the water column and in
soils of a source region. After the presentation of the mainthe sediment traps, it was shown that the dust composition
biogeochemical initial conditions of the site at the time of evolves after seeding by total dissolution of these salts. This
each experiment, a general overview of the papers publishegdrovided a large source of new dissolved inorganic nitrogen
in this special issue is presented. From laboratory results ofDIN) in the surface waters. In spite of this dissolution, the
the solubility of trace elements in dust to biogeochemical re-typical inter-elemental ratios in the particulate matter, such
sults from the mesocosm experiments and associated modehs Ti/ Al or Ba/Al, are not affected during the dust settling,
ing, these papers describe how the strong simulated dust deonfirming their values as proxies of lithogenic fluxes or
position events impacted the marine biogeochemistry. Thosef productivity in sediment traps. DUNE experiments have
multidisciplinary results are bringing new insights into the clearly shown the potential for Saharan wet deposition to
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426 C. Guieu et al.: Introduction to project DUNE

modify the in situ concentrations of dissolved elements of 1 Context and objectives
biogeochemical interest such as Fe and also P and N. Indeed,
wet deposition yielded a transient increase in dissolved inNutrient cycling controls in part the efficiency of the biolog-
organic phosphorus (DIP) followed by a very rapid return ical carbon pump through which GGs consumed in ocean
to initial conditions or no return to initial conditions when a surface waters and transported to the deep sea as sinking
second dust seeding followed. By transiently increasing DIPparticulate organic carbon (Moore et al., 2013). The inter-
and DIN concentrations in P- and N-starved surface watersctions between atmosphere and ocean play a key role if we
of the Mediterranean Sea, wet deposition of Saharan dusdre to understand processes governing nutrient cycles in the
can likely relieve the potential P and/or N limitation of bi- ocean and to which extent climate change plays a role in this
ological activity; this has been directly quantified in terms of scheme. In this context, the scientific community pays spe-
biological response. Wet deposition of dust strongly stimu-cial attention to atmospheric input of nutrients, which can
lated primary production and phytoplanktonic biomass dur-alter community structure and nutrient cycling in the oceans
ing several days. Small phytoplanktoa 83 um) was more and therefore modify the efficiency of the ocean to store at-
stimulated after the first dust addition, whereas the larger sizenospheric CQ (Law et al., 2013). Atmospheric deposition
class & 3 um) significantly increased after the second one,is now well recognized as a significant source of Fe and other
indicating that larger-sized cells need further nutrient supplynutrients for surface waters of the global remote ocean (Duce
in order to be able to adjust their physiology and competeet al., 1991; Jickells et al., 2005; Moore et al., 2013) as well
for resource acquisition and biomass increase. Among thas of the Mediterranean (e.g., Loye-Pilot et al., 1990; Berga-
microorganisms responding to the atmospheric inputs, diametti et al., 1992; Quétel et al., 1993; Ridame and Guieu,
zotrophs were stimulated by both wet and dry atmospheri2002; Bonnet and Guieu, 2006, Guieu et al., 2010a, Markaki
deposition, although Nfixation was shown to be only re- et al., 2010). An unresolved issue in ocean and climate sci-
sponsible for a few percent of the induced new production.ences is whether changes in the atmospheric input to the sur-
Dust deposition modified the bacterial community structureface ocean can alter the flux of carbon to the deep ocean
by selectively stimulating and inhibiting certain members of (Law et al., 2013). This question is of particular interest in
the bacterial community. The microbial food web dynamics the Mediterranean region, a regional hot spot of the global
were strongly impacted by dust deposition. The carbon bud<¢limate change (Giorgi et al., 2006), whereas for the global
get indicates that the net heterotrophic character (i.e., ratimcean, a positive trend in both sea surface and deep-water
of net primary production to bacteria respiratiarl) of the  temperatures is being experienced (MERMEX Group 2011).
tested waters remained (or was even increased) after simu- While the impact of Fe on productivity has been rec-
lated wet or dry deposition despite the significant stimula-ognized in high-nutrient, low-chlorophyll (HNLC) oceanic
tion of autotrophs after wet events. This indicates that theregions through both bioassay experiments (Martin et al.,
oligotrophic tested waters submitted to dust deposition are 4994), mesoscale artificial Fe fertilization experiments (see
net CQ source. Nonetheless, the system was able to exporthe syntheses by de Baar et al., 2005, and Boyd et al., 2007)
organic material, half of it being associated with lithogenic and natural Fe fertilization (Blain et al., 2007), the ecologi-
particles through aggregation processes between lithogenical and biogeochemical effects of atmospheric dust-derived
particles and organic matter. These observations support thee and macronutrients (N, P) in oligotrophic — i.e., low-
“ballast” hypothesis and suggest that this “lithogenic carbonnutrient, low-chlorophyll (LNLC) — environments are still
pump” could represent a major contribution of the global poorly understood and resulting C export via fertilization
carbon export to deep waters in areas receiving high rateand aggregation processes is not quantified. And yet, these
of atmospheric deposition. Furthermore, a theoretical mi-LNLC oceanic regions represent 60 % of the global ocean
crobial food web model showed that, all other things being(Longhurst et al., 1995) and over 50 % of the global oceanic
equal, carbon, nitrogen and phosphorus stoichiometric misearbon export (Emerson et al., 1997).
match along the food chain can have a substantial impact on The Mediterranean Sea is a typical LNLC region, partic-
the ecosystem response to nutrient inputs from dusts, withularly well suited to tackle the question of the role of at-
changes in the biomass of all biological compartments by anospheric input: it is an oligotrophic, quasi-enclosed basin
factor of ~2—-4, and shifts from net autotrophy to net het- that receives a noticeable amount of desert dust considering
erotrophy. Although the model was kept simple, it highlights its rather small surface~(2.5x 10° km?) compared to other
the importance of stoichiometric constrains on the dynamicsceanic areas (Table 1).
of microbial food webs. In the western Mediterranean region, mineral dust is
mainly transported from the Sahara in the form of strong
pulses (e.g., Loye-Pilot et al., 1986; Bergametti et al., 1989a
and b; Moulin et al., 1998; Guerzoni et al. 1999). Loye-
Pilot and Martin (1996) report annual mineral dust deposi-
tion fluxes from 4 to 26.2 g m? (mean 12.5gm?yr—1) be-
tween 1984 and 1994, with events larger than 0.5-I§m
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Table 1. Mineral dust deposition to the ocean. 30
25 m m Total
Tgyr1 Reference B "> 05 gm-2
20
North Atlantic 202  Jickells et al. (2005) ] ‘ "> Lmd
Indian Ocean 118 Jickells et al. (2005) w0 T L
North Pacific 72 Jickells et al. (2005) S0 ‘
Mediterranean Sea 40 Guerzoni et al. (1999) ) |
South Pacific 29 Jickells et al. (2005) > H ‘ F I I
South Atlantic 17 Jickells et al. (2005) 0 o : !
Arctic Ocean 5.7 Shevchenko and LISItZIn (2004) 1984 1985 1986 1987 1988 1989 1990 1991 1992 1993 1994
World ocean 477 Mahowald et al. (2010)

Fig. 1. Ten-year time series of dust deposition in Corsica show-
ing the contribution of events with dust deposition higher than
0.5g ni2 and 1 g nT2 to the total annual Saharan dust deposition
(reproduced from Loye-Pilot and Martin, 1996).
driving the annual fluxes and thus the interannual variabil-
ity (Fig. 1). In 1984, 40% of the annual flux fell within
three days, and 80 % within three days in 1986. Accordingbiological activity in the surface waters encounters nitrate
to the same authors, this deposition is mainly (95 %) assofimitation and nitrate—phosphate co-limitation (Tanaka et al.,
ciated with wet deposition and may occur only with a few 2011). Concerning dissolved Fe (DFe), it becomes depleted
drops of rain, meaning that a high amount of dust can be deafter the spring bloom and could also temporarily affect
posited in timescales of minutes (for example on 17 Octobeproductivity with concentrations as low as 0.2 nM (Sarthou
1993, they report a 2.4 g™ flux coming with only a few  and Jeandel, 2001; Bonnet and Guieu, 2006). Throughout
drops of rain evaporating immediately). The same orders othe strong thermal stratification period during summer and
magnitude were found in more recent observations reportedall, a sharp thermocline (10—-20 m deep; D’Ortenzio et al.,
in Ternon et al. (2010), with an average annual dust flux over2005) associated with an efficient pycnocline acts as a phys-
4 years (2003-2007) of 11.44yr—* controlled by wet de- ical barrier to vertical transfers, with extremely low diffu-
position. The major deposition events reported in the north-sion. Moreover, horizontal advection has been shown to be
western Mediterranean, amounting to about 22gmvere  weak in the northwestern Mediterranean Sea (i.e., Ander-
observed at Cap Ferrat, French Riviera, on 26 February 2004en and Prieur, 2000). The upwelling of dissolved elements
(22.2gn12 corresponding to 88 % of the annual dust depo-from depth is thus reduced during the stratified period, and
sition that year; Bonnet and Guieu, 2006) and at Ostriconithe atmosphere becomes the main pathway for supply to
in Corsica (21.9 g m? corresponding to 80 % of the annual the surface layer of both dissolved N (as shown, for exam-
dust deposition that year; Guieu et al., 2010a). ple, during the BOUM cruise in the western Mediterranean,;
At the DYFAMED (DYnamique des Flux Atmosphériques Moutin and Prieur, 2012), P (e.g., Loye-Pilot et al., 1990;
en MEDiterranée) site in the remote northwestern Mediter-Bergametti et al., 1992; Migon and Sandroni 1999; Herut et
ranean, the sedimentation flux from surface waters of paral., 1999; Kouvarakis et al., 2001; Ridame and Guieu, 2002;
ticulate manganese (Mn) and aluminum (Al) correspondsMarkaki et al., 2003; Krom et al., 2004) and Fe (Guieu et
to the atmospheric deposition flux on an annual timescaleal., 2002a, Bonnet and Guieu, 2006). Using Quétel's (1991)
(Davies and Buat-Ménard, 1990), and most of the Fe assodata, Dulac et al. (1996) illustrate the strong impact of a Sa-
ciated with organic matter sinking from surface waters isharan dust deposition event on the particulate Fe concentra-
provided by atmospheric input (Quétel et al., 1993). More-tion profile in the surface layer at the DYFAMED station in
over, the Mediterranean Basin continuously receives anthrothe northwestern Mediterranean. Through theoretical calcu-
pogenic aerosols from industrial and domestic activities fromlation and/or bioassay experiments, it has been shown that
populated areas around the basin and other parts of Europ&hose inputs can impact both heterotrophic (Thingstad et al.,
as well as seasonal inputs from biomass burning (Remoudak2005; Pulido-Villena et al., 2008) and autotrophic (includ-
et al., 1991a, b; Migon et al., 1991; Bergametti et al., 1992;ing diazotrophs) production in the Mediterranean Sea (Klein
Guieu et al., 2005, 2010a). As described earlier (MERMEXet al.,1997; Migon and Sandroni 1999; Ridame and Guieu,
Group, 2011), the mixing of natural dust aerosols with an-2002; Bonnet et al., 2005; Ridame et al., 2011; Ternon et al.,
thropogenic aerosols might have a positive fertilization ef-2011), underlining their capacity to relieve the macro- and
fect on biota by bringing both bioavailable N and P to the micro-nutrient limitations encountered in this area. Other ef-
Mediterranean surface waters, particularly during the stratifi-fects different from direct fertilization effects, such as par-
cation period. Indeed, when the water column is stratified andiculate organic carbon (POC) fluxes’ mediation by organic—
characterized by low primary productivity, phosphate and ni-mineral aggregation, have been shown to be significant in the
trate concentrations are very low (under detection limits ofMediterranean Sea: for example, the extreme Saharan event
standard methods, namely 20 and 30 nM, respectively) an@f February 2004, representing a dust flux on the order of
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22 gnt2in some locations in Corsica and the French Rivierafew liters at maximum), confinement issues can rapidly oc-
(Bonnet and Guieu, 2006; Ternon et al., 2010), resulted in excur, and thus the experimental duration is often a limit (usu-
port at 200 m in the Ligurian Sea (DYFAMED station) repre- ally 2 days and at most 6 days (Guieu et al., 2014b). Such
senting 45 % of the total annual POC, compared to an aversmall volumes also limit the number of parameters that can
age of 25 % for the whole bloom period that same year. Thisbe measured in stocks and fluxes. Another important limit is
emphasizes the need to understand the role played by sudhat microcosms rely on a homogeneously distributed con-
high Saharan dust deposition in the POC export efficiencycentration of added aerosols. Mesocosms present the advan-
both thanks to increased production induced by the inputage of enabling studies of processes both as a function of
of new nutrients and through organic—mineral aggregationdepth and time while the atmospheric particles are sinking.
and ballast effect in a dust-rich area such as the northwestindeed, due to the significant particulate flux entering the
ern Mediterranean Sea. In this context, the main objectiveocean (in particular, a desert dust deposition event), one can
of DUNE was to follow the impacts of a well-characterized expect that there will be different processes such as adsorp-
mineral dust atmospheric input on an oligotrophic ecosystemntion/desorption, release of new nutrients, biological uptake
in order to answer the following questions: and aggregation processes that will take place concurrently
during the course of the particles’ descent. During DUNE,
mesocosm sampling at different depths in a quick sequence
allowed us to measure a number of stocks (including nu-
trients, trace metals, phytoplankton, zooplankton and het-

— What is the response of viruses, bacteria, phytoplank-erotrophic bacteria biomass concentrations) and fluxes (pri-

ton and zooplankton in terms of abundance, activity mary production, bacterial respiration; fiixation, export of
and diversity? particulate organic matter). Figure 2 summarizes all the mea-

surements that were performed in the mesocosms at different

— How is the temporal pattern of the particulate export gepths of the captured column water thanks to the large vol-
modified by an intense and brief introduction of atmo- yme considered (52%in this work).

spheric particles?

— How does the introduction of atmospheric particles
impact the cycle of chemical elements of major bio-
geochemical interest such as C, P, N and Fe?

— Do dry and wet depositions act in the same way? 2.1 Representativity of the simulated flux
— Do deposition fluxes of similar magnitude and dura- As detailed in the introduction, the mean annual dust de-
tion result in similar impacts, and if so, and why? position flux in Corsica during the period 1984-1994 was
In spite of previous efforts, answers to the question of thelz'59 m# and was shown to be mainly attributed to pulses
P b ' q >1gm? (Loye-Pilot and Martin, 1996; Fig. 1). Strong

?Aglﬁgﬂeﬁ:ﬁggﬁ%g;&i Lactnz?)gslsr?esriinig,plIJr':sp:rrvtalcsutliﬁlri‘rla?g events -22gnm 2) with a short duration have been recorded
mented. To cover this gap, within the DUNE project, we pro- in this region more recently in 2001 (Guieu et al., 2010a) and

posed to study the effect of atmospheric input on the olig-2004 (Bonnet and Guieu, 2006). During DUNE, we chose to

. X e . mimic a high, but still realistic, Saharan dust deposition event

otrophic Mediterranean ecosystem through artificial mineral 5.
. 7 . of 10 g nT < into the mesocosms.

dust additions over large in situ mesocosms representative

of a significant body of the surface waters in perfectly con-

trolled conditions and taking into account the vertical dimen-

sion of the processes involved after dust deposition: such an .

L . In order to reproduce a real Saharan dust deposition by means

approach is indeed the strength of the project and was pos- S . .

k . . of a controlled seeding in seawater, it was first necessary

sible thanks to the strong and effective partnership between

. : S . _to produce hundreds of grams of particulate material iden-
atmospheric and oceanic scientist partners of DUNE (Gu'eL{ic;I to the aerosols beigg deposil'?ed at the surface of the
et al., 2010b).

ocean. This was achieved by experimental simulation of (i)
the production of desert aerosols and (ii) chemical aging
2 The mesocosm strategy mimicking their transport and cloud processing in the atmo-
sphere (Guieu et al., 2010b). Wet and dry depositions were
Our experiments rely on seeding of northern African mineralmimicked during different experiments as there is so far no
dust in mesocosms in order to reproduce an intense deposknowledge/evidence of potential differences regarding the
tion event and to follow its biogeochemical impact in marine impact of those different types of deposition on the biogeo-
surface waters over about a week. Microcosm experimentghemistry. The detailed methodology has been published in
are commonly used to study the impact of atmospheric deGuieu et al. (2010b) and only a short summary is presented
position on the biogeochemistry of surface waters (Guieu ehere.
al., 2014b, and references within). Because of the small wa- Mineral dust aerosol particles are mainly produced by
ter volumes involved in the microcosm approach (usually asandblasting of clay-rich alluvial soils (Prospero et al., 2002).

2.2 Producing dust analog

Biogeosciences, 11, 42842 2014 www.biogeosciences.net/11/425/2014/
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Atmospheric deposition

J%EX,,,, fixation (;:'gi:::ce -y \\ j;‘»//
prJ;T;;zn > ‘ boc remineralisation D A -
 flux_ phyloplankt;)n
Cedlagizine’ 1 { [ Hetemtmphic/ Fig. 3. The different steps of DUNE: (left panel) sampling soils
e mn\\*_qem‘ /"“““‘“ in a region of southern Tunisia where Saharan aerosol is produced
\\mn pl/l‘/ 3 and is typical of inputs to the Northwestern Mediterranean. (Center
- \_l_ panel) Soil collected in the three stages of the dry sieving column at
. the enc_i of the fine-particle produc_tion process. (Right panel) A_\r_tifi-
sed. raps o ticulate Organic Carbon export cial aging of the atmospheric particles to mimic the wet deposition,

done in a clean room to reproduce the processes taking place dur-
Fig. 2. Stocks (green) and fluxes (blue) measured during the DUNEing aerosol transport (photos: F. Dulac, CEA; S. Tran, LISA) (taken
experiments after the simulation of a realistic atmospheric input infrom Guieu et al., 2010b).
a water body large enough to be representative of natural processes.
As the particles are naturally sinking, those changes are closer to the

“real” processes occurring in the surface mixed Iaye_r of open oceary, qominated by quartz{(40 %), calcite {30 %) and clay
compared to microcosm approaches where the particles are Nomogs 5 o 214 the chemical composition was found to be typi-
enized and not allowed to sink. The derived parameterizations ca - P . . . yp
constrain a biogeochemical model that takes into account the atg_aI of mln_eral.dust gerosols from th's region, with some en-
mospheric deposition in oligotrophic conditions (modified from de fichment in Si relative to Al, but with Fe and P concentra-
Leeuw et al., 2014). tions typical for Saharan dust. Dust processing with model

cloud water resulted in a significant addition of N compared

to initial dust (from~ 0.1 to~ 1.4 %, Table 2), attributed to

the reactivity of calcite with inorganic acids (Guieu et al.,
Superficial soils were collected with clean plastic materials2010b) as confirmed by a net loss of C (Table 2) that likely
in a mineral dust source area of southern Tunisia, a regiomesults from the reactivity of carbonates with inorganic acids.
known to be a main source of mineral dust in the north- As discussed in further detail in Guieu et al. (2010b), the size
western Mediterranean (Bergametti et al., 1989a, b). Thalistribution and chemical composition of both EC and non-
bulk erodible soil material used to produce added dust inEC dust analogs therefore appear appropriate to reproduce
the DUNE experiments was collected at relatively close sitesdry and wet deposition of mineral dust in the northwestern
in the same dry river bed system southeast of the Chott eMediterranean.
Djerid during two sampling campaigns in 2007 and 2009,
and the dust produced has very similar characteristics. FoR.3 Large clean mesocosms
elimination of the free sand fraction we used a 3mm mesh,
and the crusted clay pieces remaining were dried, crushed@he second part of the methodological development con-
and sieved below 20 um in order to reproduce the mechanicaterned the actual conception of seeding experiments in large
action of eolian sandblasting that breaks the clay aggregatedlean mesocosms. With a list of specifications (for exam-
to mobilize fine particles (Fig. 3). A total of more than 3kg ple, those systems should be transportable and entirely con-
of fine mineral dust was produced. A fraction was further sist of plastic material to avoid any contamination regarding
processed to reproduce chemical aging by cloud water prothe expected low concentrations of nutrients, etc.), the DUNE
cessing. Dust was mixed with acidic model cloud water andteam worked on the concept of holding structures, an enclo-
evaporated in a clean room (Guieu et al., 2010b). Sulfuric, ni-sure (52 m), sampling systems and anchoring. The detailed
tric and oxalic acids were used to simulate air masses undemethodological approaches have been published in Guieu et
anthropogenic influence that encounter Saharan air masses al. (2010b). The mesocosms consisted of large bags made
frontal situations typical of dust transport over the Mediter- of two 500 um thick films of polyethylene mixed with vinyl
ranean (Moulin et al., 1998). The so-called evapocondensedcetate (EVA, 19 %) with nylon meshing in between to al-
dust (EC dust) and original dust (non-EC dust) fractions werdlow maximum resistance and light penetration (produced by
used to simulate wet and dry deposition, respectively. ThReHAIKONENE KY, Finland). They were 2.3 m in diameter
size distribution of both fractions was quite similar, with a and 12.5 m in height for the cylindrical part, and 2.2 m height
particle number distribution peak at0.10 um in diameter for the conical part at the bottom (surface is 4.1%5and to-
and a particle volume distribution peak-aflO pm (Guieu et  tal volume 52 ). In order to preserve the structure of the
al., 2010b). The volume distribution could be fitted with three surface waters and work in clean condition as much as pos-
modes at about 1.6, 6.2 and 12 um that are observed to be prsible while filling the bags, the bags consisted of two parts:
duced by eolian erosion of arid soils (Alfaro et al., 1998). The (1) a main cylinder (2.3 m diameter) ending with a diame-
mineralogical composition of the produced dust was found toter tapering down to 1.5m and (2) a bottom cone (Fig. 4).

www.biogeosciences.net/11/425/2014/ Biogeosciences, 11,4452014
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Table 2. Composition of some key elements in the dust used for seedings during DUNE.

Non-processed Evapocondensed Evapocondensed
representative of representative of representative of
dry deposition wet deposition wet deposition
used for DUNE-1-Q used for DUNE-1-P  used for DUNE-2-R1
exp. (1) exp. (1) and DUNE-2-R2 exp. (2)
P (%)  0.044+0.009 0.045+0.015 0.055:0.003
Fe (%) 2.28:0.19 2.31+0.04 2.26+0.03
N (%) 0.11+0.01 1.19+0.05 1.36+0.09
C% 6.75+0.01 5.35+0.06 5.08+0.02

(1) Guieu et al. (2010b)
(2) Desboeufs et al. (2014)

S At the bottom of the main cylinder and at the top of the

Main cone, two PVC circles (8 cm in width) were installed, thereby
- E\{fﬂlindrical part\ - sandwiching the plastic (Fig. 4, bottom-left panel). The main

. .&-holding rings

cylindrical part of the mesocosms was deployed first: the
emaiPvc B k- bags, secured by three small elastic ropes, had four small
structure (DUNEL) PVCsandwich ballasts temporarily attached to the PVC circle. The elastic
N ropes were released simultaneously, allowing the main cylin-
der to gently, but rapidly« 10 min), deploy vertically with
the assistance of one diver, who remained away from inside
areas of the bag at the level of the PVC circle. The entire op-
Conical part eration of successively deploying the six bags took less than
traps ———> two hours. Once the main cylinder was deployed, it was left
open for 24 h in order to stabilize the water mass inside. This
step was also a way to remove possible particles that could
have been stuck to the plastic from the time of its fabrication.
After 24 h, divers attached the conical bottom of the cylin-
der by screwing together (plastic screws) the two PVC sand-
wiches. During the entire installation, the divers followed in-
structions to remain away from the inside areas of the bags in
order to minimize disturbance of the captured waters, partic-
ularly from air bubbles. At the base of the mesocosm, a very
simple sediment trap system allowed the divers to rapidly
Fig. 4. Pictures of the mesocosms underwater during DUNE-1 andchange th‘? traps (Fig. 4)' The PE structures holding the bags,
DUNE-2 illustrating the different aspects of the specific mesocosmand on which the T“O‘?””g was at_taChed’ were also made with
design developed during DUNE. The cone at the bottom is installed”E tubes 40mm in diameter) (Fig. 5). Each bag was held at
underwater by two divers 24 h after the top piece has been deployeg€veral points at the level of the upper ring and at the level of
from the surface: the two PVC sandwiches are joined with plasticthe ring just below the surface of the sea: this allowed us to
screws (photo: D. Luguet, OOV). avoid tension being applied directly to the bags.
The structures were moored using only non-metallic mate-
rial (except for the screw anchors installed at the sea floor 25—
In order to strengthen the main cylinder and to adequately3o m deep). Each group of three structures was moored using
maintain the Cylindrical Shape for the duration of the eXperi- three anchor screws installed 2Z6om each other and con-
ment, the whole structure was rigidified thanks to large ringsnected to sub-surface buoys, which were themselves linked
made from 40 mm diameter PE tubes: for the DUNE-1 ex-to surface buoys.
periment (in 2008), five such rings were installed at different  |n order to exclude the possibility that a “real” deposi-
levels inside horizontal tunnels of the main part of the bagtjon event could disturb the experiment, the mesocosms were
and kept in place by PVC parts inside the bag. To improvecovered (Fig. 5e). The cover made of transparent PVC ma-
the design, for DUNE-2 (in 2010), no more PVC parts wereterial was designed to let the most light possible reach the
placed in the interior of the bag and instead two additionalbody of water inside the mesocosm. Measurements of the
PE tube rings were put over the body of the bag (Fig. 4).  absorption spectrum (J. Ras, personal communication, 2007)

Detail of the PVC sandwich for the
) rclos’yr,e, of the mesocosm
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compared to outside
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Fig. 6. Evidence of no temperature change inside the mesocosms
compared to outside. The temperature was continuously moni-
tored inside and outside the mesocosms. The percentage change
[100 x (temperature inside — temperature outside)/temperature out-
side] is reported for the depths at which the sensors were installed.
Number of measurements for the three DUNE experiments (see be-
low): n = 197 (DUNE-P);n = 337 (Q);n = 453 (R).

Fig. 5. Details of the mesocosm structure bef¢ag and after(b)
installing the bag inside(c) and (d), detailed view of the connec-
tions showing how the bag is fixed to the structug;transparent  buoys (Fig. 7). In between the two structures of three meso-
covers above the bags and structures allowing the air to pass — thisosms, reference measurements were performed in free sea-
picture also shows the sampling tubes that allow for sampling fromyater (OUT). An original sampling system was designed
outside without introducing any other device into the inside of the \yith the goal of inducing the least possible perturbation in-
water body (photos: DUNE Team and D. Luguet OOV). side the mesocosms during sampling. In each bag, three sets
of clear, braided PVC tubing (Holzelock-Tricoflex, inside di-
ameter of 9.5mm) were permanently installed at the center
have indicated that this PVC material absorbs light in theof the bags (Fig. 5e), with one end per each of three different
UV wavelengths but not in the visible wavelengths. Thesedepths: 10, 5 and 0.1 m. Additional depths were sampled in
covers were elevated to 10cm above the top of the mesotwo of the DUST mesocosms during the DUNE-2-R exper-
cosms, allowing air to circulate so as to avoid a confinemeniment, as will be explained later in the document. The other
effect in the trapped water. Indeed, comparison of the temends were fixed to the outside of the mesocosms. The sam-
perature measured continuously inside and outside the mes@ling was done by pumping: a PFA pump (St-Gobain Perfor-
cosm showed that temperature inside the mesocosms wagance Plastics) activated by the pressurized air from a div-
3% higher than outside at maximum and 2 % lower at mini-ing tank was connected successively to the ends of the tubing

mum (Fig. 6). coming out of the mesocosm, allowing us to sample directly
at the different selected depths without introducing any de-
2.4 Seeding the mesocosm vice into the inside of the mesocosm. This system allowed us

to sample water directly, either non-filtered or filtered (using

The dust was spread at the surface of the mesocosms usifferent types of cartridges according to the parameter to be
ing entirely plastic, 4 L (high-density polyethylene) sprayers measured) (Fig. 7).
(only the sprayer extension was made of a carbon tube): these In conclusion, the complete setup was a solid mooring ca-
devices were acid-cleaned (HCI5 %) and rinsed thoroughlypable of absorbing the sea swell while maintaining a sup-
(with ultra-pure water) before use in the field. In the field, ple and strong structure and ensuring that no tension was
and just before the seeding, the evapocondensed dust wapplied directly to the bags. Great precaution was taken to
mixed with 2L of ultra-pure water (wet deposition experi- avoid any type of contamination (material used, designs, fill-
ment: DUNE-1-P and DUNE-2-R), and the non-processeding, sampling, etc.), making the DUNE mesocosm an ideal
dust was mixed with 2 L of seawater (dry deposition experi- setup to study the effect of atmospheric depositionina LNLC
ment: DUNE-1-Q). Overall, the time required to prepare theecosystem. Indeed, as shown by Guieu et al. (2010b), statis-
dust solution and to seed the three mesocosms was 40 mitical analyses on the parameters measured during DUNE-1
As reported in the introduction of this paper, intense Saharamave strong evidence for the representativeness of the wa-
dust events can occur on very short timescales, and thus oder trapped inside the mesocosms, indicating the suitability
simulation is realistic in terms of duration. of the applied methodology as the presence of the bag did

All seeding and sampling operations in the mesocosmsot modify the natural biogeochemical conditions. Statisti-
were performed from mobile plastic platforms that were cal analyses (Guieu et al., 2010b) show that data from the
moved using several two-way ropes installed in betweenthree DUST mesocosms that received the same treatment are
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= « DUNE-1» in 2008 (11-27 June):

2 distinct experiments:
wet deposition (‘evapocondensed dust’) = 8 days
dry deposition (‘non-evapocondensed dust’) = 8 days

3 mesocosms CONTROL

3 mesocosms DUST

The ‘outside’ sampling spot is at the mid-distance between the
DUST-mesocosms cluster and the CONTROL-mesocosms cluster

= « DUNE-2» in 2010 (26 June — 9 July): ==

2 successive dust wet depositions
(‘evapocondensed dust’) = 16 days

1mesocosm DUST-optic
3 mesocosms DUST

Fig. 8. Implementation of the two mesocosm experiments in the
Scandola preservation area (Corsica).

Fig. 7. Sampling the mesocosms. Each cluster of three mesocosms

is simultaneously sampled a plastic platfc_nrm by a team of two SC'en'DUNE-l-P and DUNE-1-Q consisted in the deployment of
tists. Overall a sampling sequence duration was less than two hou

r 13 ”

(photo: D. Luguet OOV). _t%ree mesocosms, nar_n_ed CONTROL mesocosms”, not sub-
jected to any dust addition and used as a reference, and three
mesocosms, hereafter named “DUST mesocosms”, receiving

highly reproducible (variation coefficient 30 %) and that \igtu Ztea(cjgli?igrr} c;c\)/gﬁtsza?i?‘mg[)tgNas_uls_faﬂ?lxlcflgoﬁﬂhzeoos)
there is no significant difference between data obtained from P 9

CONTROL mesocosms and data obtained outside the mesoro> mimicked by seeding EC dust over the DUST meso-

X : cosms, and the dry deposition event during DUNE-1-Q (20—
cosms. Another very important aspect is that there was NG~ June 2008) was mimicked by seeding non-EC dust
observed chemical contamination. y 9 '

During DUNE-2 in 2010 (26 June—-9 July 2010): we per-
formed a single 16-day experiment (named “DUNE-2-R")
that consisted of two successive dust wet deposition simu-

Artificial seedings over large mesocosms have been realizeI tions (using the same amount of EC dust) with 7 days be-
9 9 ween each seeding (i.e., “R1” and “R2"). DUNE-2-R con-

during two campaigns in the Scandola preservation area in. .
Corsica: the DUNE-1 experiment in 2008 and the DUNE- sisted in t_h_e deployment of three CONTROL Mesocosms (no

: . . L dust addition) and four DUST mesocosms (each with dust
2 experiment in 2010. The experimental site in the Scandola

preservation area — a typical LNLC area — (where the deploy—"’ldd'tIon corresponding to a dust flux of 10gfy, three of

ments took place) is also described in Guieu et al. (2010b)them being devoted to biogeochemical studies like in DUNE-

. ; : . . “1-P and DUNE-1-Q, the additional mesocosm being dedi-
The implementation for the two experiments is summarized . .
in Fig. 8. cated to optical measurements. This strategy of two succes-

During DUNE-1 in June 2008 we performed two distinct sive seedings was decided following DUNE-1 results. In-

8-day experiments: first, a simulation of a Saharan wet depogeed’ Wagener etal. (2010) showed that dust addition during

sition event (named “DUNE-1-P”), and second, a simulation DUNE-1-P was followed by a decrease of DFe concentra-

of a Saharan dry deposition event (named “DUNE-1-Q”"). tion I|ke|y_ due to DFe scavenging on s_e_ttlmg dust particles,
) iving evidence that large dust deposition events may be a

Mesocosms were emptied and redeployed between the w ; .
experiments; for that purpose, at the end of the first exper-s'nkfor surface ocean dissolved iron. Such an effect has also
' ' been reported for dissolved thorium (Lambert et al., 1991).

iment, the bottom cones were unscrewed by divers, Ieavinqfiombining the mesocosm experiment with a batch disso-
the base of the mesocosms open. Thanks to lift bags installe ltion experiment, Wagener et al. (2010) then showed that

atthe base of the bags, the main cylinder could be COmplete')éfter biological activity was enhanced following dust addi-

lifted to the surface. This resulted in the entire volume of tion and Fe-binding ligands have been produced, then DFe

wa_ter trapped inside rapidly emptying .OUt of the cylinder, increased. Although two successive deposition events of this
while the top of the mesocosms remained attached to the

holding structure. The bags were then ballasted to fill them;rprzztan\fvzshal\gntg dﬂﬂroﬁgg\;vtlgde?(e,|onrzthboe\3;2J:tpg;tegs,i:irgi
again, and 24 h after this operation, the bottom cones weré dy was p . >XP T P

. o ... Impacts biogeochemistry under different in situ biogeochem-
reattached underwater by divers. To eliminate any possibil-

ity of a memory effect between DUNE-1-P and DUNE-1-Q, ‘¢3! Initial conditions.

Y y ' __In addition, water outside of the mesocosms was sampled
the groups of seeded mesocosms were alternated. Indeed, 33rin the course of all the experiments for reference
shown by the statistical tests in Guieu et al. (2010b), initial “/""9 P '

conditions inside and outside the mesocosms were identical.

2.5 Two mesocosm experiments
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The bulk erodible soil material used to produce added dus’ seine ? Seeding Q
was collected in 2007 (and used for the DUNE-P and Q eX- o .
periments) and 2009 (used for the DUNE-R experiment) for
R experiment. The dust used during DUNE-1 and DUNE-2€
had similar chemical composition for P, Fe and C and wasg
different for N (see Table 2 and Desboeufs et al., 2014). In- !
deed, the difference of one order of magnitude inthe N con- """ e 0 e 0 @ & & 2 @ @ o & & 5 @ ‘ u
tent between the composition of the non-EC dust (used as Sej"‘"g N w e n sf“‘i;"gfz\w o e e e o s *
proxy for dry deposition) and the EC dust (used as a proxy = N '
for wet deposition) is due to the addition of HNGn the 2
simulated cloud water used to process dust for wet deposif;: :
tion simulation (Guieu et al., 2010b). As shown in Ridame “
et al. (2014), this difference in composition regarding N led o
to very different dissolution from the two analogs, with nitro- ¢ ¢ «* ¢ & i PSPPIl
gen from the EC dust being 100 % released into water almos,t_—lg 9a.Temperature profiles inside the mesocosms during the three

instantaneously. ) DUNE experiments. Air temperatures are superimposed (black
The sampling was done at the same time everyday. Thene).

schedule for sampling the mesocosm during DUNE-1 and
DUNE-2 is reported in Table 3. During DUNE-1, for the dis-
crete sampling, three depths were sampled: sub-surface, 5
and 10 m. Following the results obtained for DFe (Wagener:
et al., 2010), it was decided during DUNE-2 to increase the
number of sampled depths for two of the DUST mesocosms
and 2.5, 7.5 and 12.5m depths were also sampled for trac
elements. During DUNE-2, the sediment traps were change
everyday instead of every two days during DUNE-1. 2008 2010

(Q.) e dway

(D.) aineiadwa) Jelemess

(2,) e dwa .

DUNE-P DUNE-Q DUNE-R / Seeding_2

s K/Seedlng 1 Al

s LT

6/06  28/06  30/06  02/07  04/07 06/07 08/07  10/07

in °C

Temperature dlffucncc
(surface — 10m)

Lo kN W s w o~

1/06 16/06 21/06 26/06

Fig. 9b. Evolution of the temperature difference between the surface
and 10 m illustrating both the diurnal variations and the evolution of
3 Main environmental initial conditions and evolution the overall stratification.

3.1 Solar radiation and temperature

Because of its weak cloud coverage, the Mediterranean Sea / v W%A%F g/’;

subject to stronger solar radiation in comparison with oceanic g \/ d

areas of similar latitude (i.e., Vasilkov et al., 2001), with the _ ... i o

the whole day light

‘mol photons. m2, d-!
consequence that the percentage of sunshine duration ov
the whole day is close to 100 %, particularly during summer. SRl =S
The period to perform the experiments was chosen in orde ; B
to have such summer conditions with well stratified column
water characterized by very poor concentration of nutrients.

B Fig. 9c. Percentage of sunshine duration over the total daytime
DUNE-1 and DUNE-2 were thus scheduled in June—July. ours (~15h in June-July) (Météo-France): PAR measurements

Continuously monitored seawater temperature (see abovq r R1 and R2 y axis), the integration for the whole day acquisi-
along with the air temperature (recorded by Méteéo-France af;,, are presented in mol photonsd~1 at the subsurface of the

the nearby station in Calvi) are shown in Fig. 9a. The gradi-mesocosms, and the maximum flux values in umol photoA sl
ent between the temperature recorded at surface and 10 m ige reported.

also presented in order to represent the thermal stratification
in a first approximation (Longhurst et al., 1995) (Fig. 9b).

The seawater temperature during the P experiment wa®UNE-P, with an average value of 2171.8°C, while the
lower, with smaller daily amplitude than during the other ex- percentage of sunshine duration could be as low &sand
periments. Indeed, while the seawater temperature during the- 25 % for two days (Fig. 9¢); the air temperature increased
whole DUNE-P experiment was in the range 17-2C&nd  rapidly at the beginning of the DUNE-Q experiment, reach-
the stratification of the water column inside the mesocosmsng an average value during the day of 26.3.6°C with
was not marked, temperature significantly increased durindight duration close to the maximum, typical of summer con-
the following DUNE-Q experiment with a range of 18.5— ditions in that area. This rapid increase in air temperature led
26°C. The air temperature during daytime was stable duringto the establishment of a thermal stratification of the surface
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Table 3. Outline of sampling for all the DUNE dust seeding experiments. Sampling type OUT: all the mesocosms and a position at mid-
distance between the two mesocosm clusters are sampled at the same depths. Sampling type IN: all the mesocosms are sampled. Tin
indicates the beginning of the sampling; the average total sampling time was less than two hours. Net sampling was performed at the

C. Guieu et al.: Introduction to project DUNE

beginning of experiments outside the mesocosms and both inside and outside after the last sampling of the experiment.

Dates

Sample
label

Time
(local time)

Type of work

DUNE-1-P experiment

June-10
June-11
June-11
June-12
June-13
June-14
June-15
June-16
June-17
June-18

pl

4p.m.
9a.m.
4p.m.
9a.m.
9a.m.
10a.m.
9a.m.
9a.m.
9a.m.
9a.m.

sampling type OUT + trap installation

seeding D1 D2 D3
sampling type IN and net (1)
sampling type IN and traps
sampling type OUT

traps; no sampling of the mesocosms: bad weather conditions

sampling type IN
sampling type OUT and traps
sampling type IN

sampling type OUT, traps and nets (2)

DUNE-1-Q experiment

June-19
June-20
June-20
June-20
June-21
June-22
June-23
June-24
June-25
June-26
June-27

ql

g2
q3
q4
g5
q6
q7
q8
q9

9a.m.
9a.m.
12a.m.
6p.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.

trap installation

sampling type OUT

seeding D1 D2 D3

sampling type IN and net (1)
sampling type IN and traps
sampling type OUT

sampling type IN and traps
sampling type IN

sampling type OUT and traps
sampling type IN

sampling type OUT, traps and nets (3)

DUNE-2-R experiment

June-26
June-26
June-26
June-27
June-28
June-29
June-30
July-1
July-2
July-3
July-3
July-3
July-3
July-4
July-5
July-6
July-7
July-8
July-9

rl
r2
r3

r5

ré
r7
r8
r9
ro
rio
ril
ri2
ri3
ri4
ris
rl6

9a.m.
11la.m.
9p.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
2p.m.
6p.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.
9a.m.

sampling type OUT and net (1)

trap installatienseeding D1 D2 D3 optic

sampling type IN

sampling type IN and traps
sampling type OUT and traps
sampling type IN and traps
sampling type OUT and traps
sampling type IN and traps
sampling type OUT and traps
traps

seeding D1 D2 D3 optic
sampling type IN

sampling type IN

sampling type OUT and traps
sampling type IN and traps
sampling type OUT and traps
sampling type IN and traps
sampling type IN and traps

sampling type OUT, traps and nets (4)

(1) Only outside the mesocosms; (2) zooplankton sampling: “outside”, C2, C3, D2, D3; (3) zooplankton sampling: “outside”, C1,
C2, D1, D2; (4) zooplankton sampling: “outside”, C1, C2, C3, D1, D2, D3.
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waters. The in situ data illustrate well that there was a shiftTable 4. Initial conditions of the tested waters during DUNE-P and
during DUNE-1 from spring to summer conditions between DUNE-R.
P and Q experiments.

During DUNE-2, the seawater temperature during the DUNE-1-P  DUNE-1-Q = DUNE-R
whole experiment was in the range 20.0-2C3with a sig- Chla (ugL™1) 0.11+0.03 0.08-0.02 0.07£0.02
nificant increase in surface temperature and well-stratified NO3, nM nd nd ~dR
waters toward the ends of both seeding periods. According pip nm 54 ob 24 (¢ 54 3d
to seawater temperature data, the period after the R1 seed- pre nm 2403 23+03 33+08

ing experiment was representative of a transition between

spring and summer conditions, whereas the second seedinga Ridame; etlaI. (2014P Puli.do—ViIIena et al. (2010) Pulido-Villena (personal

. - communication, 2013)’, Pulido-Villena et al. (2014 Wagener et al. (2010),

was performed while the surface Iayer was well stratified. f Wagener et al. (personal communication, 2093)uttig et al. (2013), nd: non

During the course of the second seeding period, a destrat- determined.

ification followed by a restratification was observed with a

strong increase in sea surface temperature typical of summer

conditions. Photosynthetically available radiation (PAR) wasnet et al., 2005). At least a doubling of Ghwas observed

measured both in the air and at the sub-surface of the mes@fter the DUNE-P and DUNE-R1 seedings (Fig. 11).

cosms during DUNE-2, and even if some variation in the per- The second dust addition during DUNE-2 (R2) stimu-

centage of sunshine duration was noticed (Fig. 9¢), the lightated an additional Chk increase (up to +160% com-

flux was high during the whole experiment (Fig. 9c), with pared to CONTROL-MESO). Interestingly, no significant

average daily flux at the sub-surface of the mesocosms ofhl a increase was observed after deposition of non-EC

20 and 19 mol photonsn¥ d~1 during R1 and R2, respec- dust (DUNE-Q). In spite of significant increase observed for

tively, and maxima close to 900 pmol photonsfs™. For ~ DUNE-P and DUNE-R, the Cht concentrations remained

P and R experiments, no strong and established stratificatiolpw (maximum values 0.22 ugtl), maintaining the olig-

over the course of the experiment could be observed. For Qotrophic status of the tested waters.

the sharp thermocline at 5m depth could have acted as a

physical barrier, preventing dissolved nutrient exchange be3.3 Nutrients

cause of low diffusion between the waters above and below

the thermocline but also likely preventing the export of the DIP and DFe concentrations were measured along all ex-

lithogenic particles introduced by the seeding, as the estabperiments and data for these in regard to DUNE-1-P have

lished thermocline layer acts to limit the downward transportbeen reported by Pulido-Villena et al. (2010) and Wagener

of atmospheric material (Migon et al., 2002). Such featureset al. (2010), respectively. Initial conditions for DIP indicate

of the surface waters, which are well captured by the mesofow and similar concentrations for all P, Q and R experiments

cosm, are important for the interpretation of biogeochemical(averages 2 to 5nM) (Table 4). DFe concentrations were on

data acquired during the experiments. the same order of magnitude as DIP. Initial total DFe con-

centrations were similar for P and Q: respectively2@.3

(Wagener et al., 2010) and 2£30.3 nM (Wagener, personal

communication, 2013) and higher for R (33.8 nM; Wut-

tig et al, 2013). Such nanomolar concentrations of DFe are

According to satellite data, the same type of situation regard-quite typical of a coastal area (Johnson et al., 1997); for ex-

ing chlorophyll (Chla) concentrations was encountered in ample they are on the same order of magnitude as those re-

2008 and 2010 experiments: the area where the experimentently measured at 5m depth in the Villefranche Bay (3.7,

took place (red circles in Fig. 10) are typical of very “blue” 3.6, and 3.8 nM in May, October, and February, respectively;

waters because of the uplift of the Ligurian Current along theBressac and Guieu, 2014a). Initial DIN concentrations were

Corsican coast that isolates the coastal area from more praiot measured due to analytical issues during DUNE-P and Q,

ductive waters of the center of the Ligurian Sea: indeed, durand were found below the detection limit 80 nM; Ridame

ing both experiments, the tested waters were typical of olig-et al., 2013) for DUNE-R. According to our analysis during

otrophic conditions with Chk concentrations in the range DUNE-R, as well as to other recent measurements performed

0.07-0.11 pg £ (Table 4). using a nanomolar technique in a similar environment in
Because dust inputs to seawater have mainly been intesummer at the STARESO statiohtifp://www.stareso.cojn

preted as a “fertilizer” for phytoplankton in oligotrophic sys- near Calvi in northwestern Corsica within the framework of

tems, Chh is the parameter that has been targeted in most atthe EU project MedSeAhttp://medsea-project. p(NO; =

tempts to understand the impact of dust deposition on marind8+ 3nM; J. Louis, personal communication, 2013), we

ecosystems, either considering satellite data (see, for exantan assume that the initial NOconcentrations were below

ple, Dulac et al., 1996, 2004, and Volpe et al., 2009) or micro-30 nM also for P and Q experiments, in agreement with the

cosm experiments with dust addition (see, for example, Bon-concentrations typical of oligotrophic Mediterranean waters

3.2 Chlorophyl

www.biogeosciences.net/11/425/2014/ Biogeosciences, 11,44%52014
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Fig. 10. MODIS satellite images showing the distribution of the ® XDUNE-R 2nd sceding
surface chlorophylk at the time of DUNE-1 (left) and DUNE-2 0g >- n — — p” — -
(right). The red circle and arrow indicate the position of the experi- ceding Gl perermepe I me
ment.

Fig. 11.Comparison of the changes in chlorophy/relative differ-
ence between average DUST and average CONTROL mesocosms,
measured at that time of the year (see, for example, Pujo-Pagyean of concentrations at 0, 5 and 10 m) observed in P, Q and R
etal., 2011). experiments as a function of time after each seeding.
These data indicate overall that relatively similar in situ
characteristics were encountered at the beginning of each of
the three experiments DUNE-1-P, DUNE-1-Q and DUNE-2- deposition on oligotrophic biogeochemistry, ecosystem and
R. These characteristics do confirm the oligotrophic characcarbon export.
ter of the experimental site. The perturbations induced by the Because DUNE was a transdisciplinary project between
simulated dust wet deposition (DUNE-P) or dry deposition scientists from the fields of atmospheric and oceanic sci-
(DUNE-Q) or two successive wet deposition (DUNE-R) can ences, an important focus of the project was to study the
thus be (1) compared to each other and (2) taken as represeadsorption/desorption/dissolution processes before and after
tative of actual changes that take place in the Mediterraneathe deposition. In their paper, Aghnatios et al. (2014) report
Sea (MERMEX Group, 2011). Moreover, as previously em-on the solubility of atmospheric nutrients from experiments
phasized in Guieu et al. (2010b), such nanomolar conceneonducted in the laboratory using the fine fraction of soils in-
trations of nutrients imply a specific care taken at all the cluding the one used for the artificial seeding during DUNE.
different experimental steps (building, deployment, moor-The solubility of major and trace elements was shown to
ing, filling, seeding, sampling, chemical analysis, etc.) in or-mainly depend on the chemical composition — in particular
der to avoid any type of contamination while using meso-on the calcium carbonate content — and on pH conditions.
cosms. Itis thus important to make it clear that initial condi-  The temporal changes in the biogeochemistry of crustal
tions (Table 4) both inside and outside the mesocosms anthetals in the water column following dust events have been
were not significantly differenty(> 0.05 for P, Q, Guieu explored by Wagener et al. (2010) and Ye et al. (2011) dur-
et al., 2010). Our methodology indeed allowed working in ing DUNE-1 and by Wuttig et al. (2013) during DUNE-2.
those delicate conditions providing for the first time a large The dissolved trace metals such as Mn, Al and Fe showed
panel of solid/reliable biogeochemical data including tracedifferent behavior. In the case of Mn and Al, a clear increase
elements. in dissolved concentration was observed directly after both
seeding R1 and R2 due to dissolution processes. However,
the first seeding (R1) resulted in a decrease of DFe due to
4 lllustration of results scavenging on sinking dust particles, in agreement with what
was observed and modeled during DUNE1-P (Wagener et
In the following we illustrate results described in the DUNE al., 2010; Ye et al., 2011), whereas the second seeding (R2)
special issue. Our “large clean mesocosm” approach alloweéhduced dissolution of Fe from the dust particles due to the
us to follow, as a function of time and taking into account excess Fe-binding ligand concentrations measured following
the vertical dimension, a number of key parameters involvedhe first seeding (Wuttig et al., 2013).
when a strong atmospheric deposition event impacts the sea A number of particulate tracers were followed in the water
surface. Chemical and biological changes in the mesocosmsolumn and in the sediment traps during the three experi-
and in the material exported below the surface layer, alongnents. When comparing the dust deposited with the particles
with modifications of the dynamics of particles following a in the mesocosms and those transiting below (sediment trap),
wet or dry or two successive wet dust deposition events, hav®esboeufs et al. (2014) have shown that the dust composition
been followed thanks to the three experiments conductedevolves after seeding by total dissolution of calcium nitrate
The multidisciplinary results described in this special issueand calcium sulfate, which have been formed in the dust by
are bringing new insights regarding the role of atmosphericevapocondensation processing, providing a large source of
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new nitrogen (nitrate) in the surface waters. In spite of thisduction, is strongly stimulated by both wet and dry atmo-
dissolution, the typical inter-elemental ratio, such as Ti/ Al spheric deposition. The response of the picoplanktonic uni-
or Ba/Al, are not affected during the dust settling, confirm- cellular diazotrophic cyanobacteria (UCYN), which domi-
ing their values as proxies of lithogenic fluxes or of produc- nate the community of diazotrophic cyanobacteria over the
tivity in sediment traps. A clear difference of dust settling Mediterranean Sea (Le Moal et al., 2011), was more con-
and lithogenic material export is observed for the experimentrasted. Dry deposition (Q experiment.) led to a strong in-
DUNE-Q in comparison with the experiments DUNE-P and crease in the UCYN abundance, while simulated wet events
DUNE-R. Even if the stratification conditions were differ- induced a slight increase in UCYN during DUNE-R and no
ent for DUNE-Q, the preferential settling observed for the response over DUNE-P (l. Biegala, personal communication,
experiments simulating wet deposition of dust seems to b&013). Changes in bacterial community structure have been
associated with biota response to the seeding. This concluevidenced during DUNE-1 as Saharan dust was shown to in-
sion supports the ballast effect of organic matter proposed byluce changes in the active community of particle-attached
Bressac et al. (2014). bacteria as a higher contribution Afteromonas macleodii
Wet deposition during DUNE-1-P yielded a transient in- to the active bacterial community was found at the end of
crease of DIP followed by a very rapid return to initial con- the experiment (Laghdass et al., 2011). The authors hypoth-
ditions (Pulido-Villena et al., 2010). The same was observedesized that small dust particles, by providing a source of
during DUNE-2 after the first dust pulse. The second dust in-Fe, might favor the activity of specific heterotrophic bacteria
put also induced an increase in DIP concentration, althouglike A. macleodiidue to siderophore production. Similarly,
no return to initial conditions was observed (Pulido-Villena during DUNE-2, dust deposition modified bacterial commu-
et al., 2014). Also during DUNE-R, both simulated wet de- nity structure by selectively stimulating and inhibiting certain
position events induced a strong increase in nitrate concenmembers of the bacterial community. These modifications,
tration (up to~ 10 pM at the surface) (Ridame et al., 2014). however, did not translate into changes in bacterial diversity,
By transiently increasing DIP and DIN concentrations in P- which remained constant over the duration of the experiment
and N-starved surface waters of the Mediterranean Sea, wgPulido-Villena et al., 2014). The microbial food web dynam-
deposition of Saharan dust can likely relieve the potential Pics were strongly impacted by dust deposition, as shown by
and/or N limitation of biological activity. Those results have Pulido-Villena et al. (2014). The first dust pulse in DUNE-
all clearly shown the potential for Saharan wet deposition2 stimulated bacterial activity (i.e., respiration processes)
to modify the in situ concentrations of elements of biogeo- more than abundance and/or community structure. This pro-
chemical interest such as Fe, P and N. An important focusiounced stimulation of bacterial respiration appeared to be
of DUNE was to quantify the impact in terms of biological bottom-up-controlled after the first dust pulse R1. The sec-
response. Wet deposition of dust strongly stimulated primaryond dust pulse (R2) enhanced viral production, which may
production (PP), and this during several days, indicating thahave top-down-controlled bacterial activity during the sec-
dust was able to relieve the ambient nutrient limitation(s) ofond part of R2. The observed rapid C remineralization due
PP. Based on the new production (NP) estimates, a switctio microbial food web processes may question the nature of
from a regenerated-production-based systen~NB% PP) the link between dust deposition and carbon cycling, which
to a new-production-based system (NB5% PP) is evi- may not directly involve an increase in G@equestration
denced 24 h after P and R seedings (Ridame et al., 2014py the ocean. Indeed, the tested waters during DUNE-1 and
This new production was supported by different size classDUNE-2 were representative of the oligotrophic Mediter-
organisms depending on conditions. Indeed, Giovagnetti etanean Sea, i.e., characterized by a strong net heterotrophy
al. (2013) showed that during DUNE-R small phytoplankton (i.e., ratio of net primary production to bacteria respiration
(< 3um) was better stimulated after the first dust addition< 1) (Guieu et al., 2014a). The carbon budget indicates that
(R1), whereas the larger size class3um) significantly in-  the net heterotrophy character remained (or was even in-
creased after the second addition (R2). The regulation of phoereased) after the dust addition despite the significant stimu-
tobiological processes was distinctively affected by nutrientlation of autotrophs. This indicates that the atmospheric in-
availability in both phytoplanktonic size classes. Picophyto-put does not have a simple fertilization effect, as one could
plankton is the first group responding to dust additions inhave concluded from studies where the carbon budget was
terms of both ecophysiological state of cells and commu-not possible to quantify. The view that atmospheric deposi-
nity composition. However, larger-sized cells need furthertion does not just result in a simple, universal fertilization ef-
nutrient supply in order to be able to adjust their physiology fect on phytoplankton and that heterotrophic processes may
and compete for resource acquisition and biomass increasée more stimulated than autotrophic ones, was also shared
Among microorganisms responding to the atmospheric in-by Maranon et al. (2010) for the Atlantic Ocean. Our hum-
puts, a specific focus was put on abundance, diversity andbers indeed indicate that the system is a nep GQurce af-
No-fixing activity of diazotrophs following dry and wet depo- ter dust deposition. Nonetheless, the system was able to ex-
sition. Ridame et al. (2013) show thap fixation, although  port organic material, likely thanks to sufficient DOC stock in
only responsible for a few percent of the induced new pro-the surface waters: the importance of aggregation processes
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between organic material and dust was evidenced by a seriggecessary. In doing so, it also permitted showing how dif-
of optical measurements performed inside one seeded mesféieult respective effects of biotic and abiotic processes are
cosm during DUNE-2 (Bressac et al., 2012). A clear link hasto distinguish, and thus new developments are ongoing to
been established between the lithogenic fluxes and the PO&Irictly quantify both (Bressac and Guieu, 2013).

fluxes as (1) the lithogenic fluxes explained more than 80 %

of the variance in the POC fluxes (Bressac et al., 2014; Des-

boeufs et al., 2014), and (2) 42-50 % of the POC flux wasAcknowledgementsThe DUNE project, a DUst experiment in
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tion (Bressac et al., 2014). These observations support thegsearch project funded by the ANR under the contract ANR-
“ballast’ hypothesis and suggest that this “lithogenic carbon07-BLAN-0126-01. It was conducted in partnership with the
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