Biogeosciences, 10, 2973991, 2013
www.biogeosciences.net/10/2973/2013/
doi:10.5194/bg-10-2973-2013

© Author(s) 2013. CC Attribution 3.0 License.

$s920y uadQ

Assessing the role of dust deposition on phytoplankton
ecophysiology and succession in a low-nutrient low-chlorophyl
ecosystem: a mesocosm experiment in the Mediterranean Sea

V. Giovagnettil, C. Brunet!, F. Conversand, F. Tramontano?, I. Obernosterer®3, C. Ridame?, and C. GuielP-®

Stazione Zoologica Anton Dohrn, Villa Comunale, 80121, Naples, Italy

2Universié Pierre et Marie Curie-Paris 6, UMR7621, LOMIC, Observatoiréabologique, 66650 Banyuls/Mer, France
3CNRS, UMR7621, LOMIC, Observatoire @anologique, 66650 Banyuls/Mer, France

4Laboratoire d’Oéanographie et du Climat: Eggmentations et Approches Némques (LOCEAN), CNRS-Universit
Paris VI, Campus Jussieu, Paris, France

SLaboratoire d’Oéanographie de Villefranche/Mer, CNRS-INSU, UMR7093, Observatoiga@uogique, 06230,
Villefranche/Mer, France

SUniversié Pierre et Marie Curie-Paris 6, UMR7093, LOV, Observatoiréaologique, 06230, Villefranche/Mer, France

Correspondence taC. Brunet (christophe.brunet@szn.it)

Received: 30 November 2012 — Published in Biogeosciences Discuss.: 21 December 2012
Revised: 19 March 2013 — Accepted: 12 April 2013 — Published: 3 May 2013

Abstract. In this study, we investigate the response of thetions, in relation with ecophysiological changes within the
phytoplankton community, with emphasis on ecophysiol- phytoplankton community, such as the increase in NPQ and
ogy and succession, after two experimental additions ofpigment cellular concentration. A quantitative assessment
Saharan dust in the surface water layer of a low-nutrientand parameterisation of the onset of a phytoplankton bloom
low-chlorophyll ecosystem in the Mediterranean Sea. Thredn a nutrient-limited ecosystem is attempted on the basis of
mesocosms were amended with evapocondensed dust to sirtite increase in phytoplankton biomass observed during the
ulate realistic Saharan dust events, while three additionaéxperiment.
mesocosms were kept unamended and served as controls.The results of this study are discussed focusing on the
The experiment consisted in two consecutive dust additionsdaptation of picophytoplankton to nutrient limitation in the
and samples were daily collected at different depth8.{, surface water layer, as well as on size-dependent competition
—5 and—10m) during one week, starting before each ad-ability in phytoplankton.
dition occurred. Data concerning HPLC pigment analysis
on two size classes<(3 and > 3 um), electron transport
rate (ETR) vs. irradiance curves, non-photochemical flu-
orescence quenching (NPQ) and phytoplanktoncell abuni Introduction
dance (measured by flow cytometry), are presented and dis-
cussed in this paper. Results show that picophytoplanktorDver the past few decades, strong efforts have been de-
mainly respond to the first dust addition, while the sec-voted to the investigation of the deep chlorophyll maximum
ond addition leads to an increase of both pico- and nano{DCM), an oceanographic phenomenon widespread in olig-
/microphytoplankton. Ecophysiological changes in the phy-otrophic pelagic ecosystems, with several studies being fo-
toplankton community occur, with NPQ and pigment con- cused on DCM formation and maintenance, as well as the bi-
centration percell increasing after dust additions. While ological and ecological features of its phytoplankton commu-
biomass increases after pulses of new nutrients, ETR doegity (e.g., Cullen, 1982; Gould, 1987&Fez et al., 2006). Dif-
not greatly vary between dust-amended and control condiferently, surface layer phytoplankton communities have been
less studied (e.g., Mafian, 2005; Davey et al., 2008; Moore

Published by Copernicus Publications on behalf of the European Geosciences Union.



2974 V. Giovagnetti et al.: Assessing the role of dust deposition on phytoplankton ecophysiology

et al., 2008), because usually characterised by phytoplankMills et al., 2004; Moore et al., 2008; Mdian et al., 2010),
ton low biomass and productivity, due to small-sized (mainly Pacific Ocean (Law et al., 2011), or Mediterranean Sea (e.g.,
prokaryotic) cells dominance and, thus, a lower ecologicalPulido-Villena et al., 2008; Wagener et al., 2010).
and biogeochemical relevance when compared to DCM or The Mediterranean Sea might receive high rates of aeo-
coastal ecosystems. In fact, during oceanographic cruises, tHan dust, of both natural (Saharan) and anthropogenic ori-
first ten metres of the water column are generally sampledyin, over wide areas (e.g., Guerzoni et al., 1999; Ridame
once, causing a poor amount of data describing the biotiand Guieu, 2002; Pulido-Villena et al., 2008). These atmo-
and abiotic properties of these water masses. However, beingpheric inputs probably represent the dominant source of ex-
in direct contact with the atmosphere, pelagic surface watersernal nutrients reaching offshore surface mixed layers (Bar-
can be subjected to rapid and severe changes in temperatuteli et al., 2005; Guieu et al., 2010a). In western Mediter-
light and nutrient concentrations, especially when a climate+anean oligotrophic areas, significant amounts of iron (Bon-
changing scenario is considered (Marinov et al., 2010). net and Guieu, 2006) and phosphorus (Ridame and Guieu,
Given the high amount of biogeochemically-relevant ele-2002) can be delivered to the surface waters through Saha-
ments contained in the continental crust (Wedepohl, 1995)ran dust pulses (Bergametti et al., 1992; Guieu et al., 2002),
the atmosphere is vehicle of a significant (or even domi-and significant changes in the autotrophic (and heterotrophic)
nant) transport of natural and anthropogenic nutrients, andommunity structure have been described in relation to Saha-
trace metals, from continents to ocean surface (Duce et alran dust additions (Bonnet et al., 2005; Pulido-Villena et al.,
1991; Guerzoni et al., 1999; Paerl et al., 1999). By affect-2008; Romero et al., 2011).
ing nutrient concentration and supply in surface waters, at- In oligotrophic waters, the greatest part of the algal com-
mospheric dust deposition can impact phytoplankton physmunity is formed by tiny cells belonging to the size-class of
iology (e.g., photosystem [PS] Il functioning, and adjust- picophytoplankton £ 3 pm; Worden and Not, 2008; Finkel
ments in PSI:PSI stoichiometry; Strzepek and Harrison,et al., 2010), which are characterised by specific ecological
2004; Behrenfeld et al., 2009) and ecology (e.g., cell size anédnd biological traits, such as low sinking rate and package
community structure; Eppley and Peterson, 1979; Finkel ekeffect, as well as high diversity in photosynthetic pigments
al., 2010), as well as ocean productivity and carbon sequesand capacity of light utilisation (Raven, 1998; Raven et al.,
tration (e.g., Jickells et al., 2005; Mahowald et al., 2005). 2005). Picophytoplankton dominance in oligotrophic waters
Specific physiological responses have been reported in phyrelates to their lower diffusion boundary layer and larger sur-
toplankton communities of the tropical Pacific on the basis offace area per unit volume, than bigger cells, conferring to
PSII fluorescence (dark-adapted photochemical efficiency)small cells a greater efficiency in nutrient and light acquisi-
in relation to a different regulation of the electron transport tion and use for cell growth and maintenance (Raven, 1998).
chain (photosynthesis and respiration) and pigment-proteirAmong the picophytoplankton, oxygenic phototrophic ma-
composition, corresponding to different conditions of iron rine cyanobacteria belonging to the gen&ynechococcus
and nitrogen availability (Behrenfeld et al., 2006). (Waterbury et al., 1979) androchlorococcugChisholm et
Although dust deposition increases the input of micro- andal., 1988, 1992) are dominant in oligotrophic waters and of-
macronutrients and usually enhances phytoplankton growthten co-occur with changing relative proportions, in relation to
excess addition of trace metals (e.g., copper; Cu) and poltheir different adaptation to physico-chemical conditions of
lutants has been recently reported to negatively impact mathe water mass (Veldhuis and Kraay, 1990; Partensky et al.,
rine ecosystem functioning. For instance, toxicity of Cu as-1999). In association with picoeukaryotes, bgémeramight
sociated with atmospheric pulses has been demonstrated e considered the major contributors of biomass and primary
bioassay experiments (Paytan et al., 2009), and by combinproduction in oligotrophic environments (Morel et al., 1993;
ing direct aerosol measurements and satellite observations iRartensky et al., 1999). Picophytoplankton relevant contribu-
the western Mediterranean Sea (Jordi et al., 2012). Increadion to total phytoplankton biomass and production is also
ing cellular concentrations of Cu inhibit algal photosynthesiswell known in the Mediterranean Sea (Magaand Decem-
and growth, by altering the electron transport and the num-bri, 1995; Casotti et al., 2003; Brunet et al., 2006, 2008).
ber of functional PSII reaction centers (Jordi et al., 2012 and The interest in studying the diversity and ecology of pi-
references therein). cophytoplankton has recently grown (Le Gall et al., 2008;
The effect of atmospheric inputs (especially of iron) on Vaulot et al., 2008; Finkel et al., 2010), together with the
ocean regions where nutrient concentration is high, yetamount of works on the ecophysiology of picoeukaryotes
chlorophyll is low (high-nutrient low-chlorophyll, HNLC), (Dimier et al., 2007, 2009a, b; Six et al., 2008, 2009; Gio-
has received great attention (e.g., Boyd et al., 2007; Blairnvagnetti et al., 2010, 2012). However, despite the high spe-
et al., 2008). However, several studies, based on microcosnuific diversity and ubiquity of picoeukaryotes was reported
experiments, have been performed to better understand th@Moon-van der Staay et al., 2001id2 et al., 2001; Not et al.,
influence of atmospheric dust deposition on the functioning2002, 2005), few in field studies performed pigment analysis
and productivity in low-nutrient low-chlorophyll (LNLC) en- in fractionated samples, coupled with flow cytometry, to gain
vironments, either in the Atlantic Ocean (Blain et al., 2004;
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useful information on picophytoplankton community groups ters of 3 um pore size (Merck Millipore, Darmstadt, Ger-
(Brunet et al., 2006, 2008; Not et al., 2005). many) and one litre of the filtrate was then poured onto
In the framework of the DUNE project (a DUst experiment polycarbonate filters of 0.2 um. Both filters were rapidly
in a low-Nutrient, low-chlorophyll Ecosystem; see Guieu et stored in liquid nitrogen. In the laboratory (Stazione Zoo-
al., 2010b), a mesocosm experiment (DUNE-2) was condogica Anton Dohrn, Naples), frozen filters were mechani-
ducted to address the following questions: which size clasally grinded in 100 % methanol and the pigment extract was
of phytoplankton is the most able to exploit the pulses ofinjected in a Hewlett Packard series 1100 HPLC (Hewlett-
new nutrients coming from dust additions, in terms of growth Packard, KennettSquare, PA, USA) with aBDS 3 um Hy-
capacity and competition dynamics? Which chemotaxomicpersil, IP column (Thermo Fisher Scientific, Waltham, MA,
group(s) is (are) able to succeed in the competition? AndUSA). The procedure was the same as described in Dimier
lastly, are pulses of new nutrients affecting the ecophysiolog-et al. (2009a). The mobile phase was composed of two sol-
ical properties of the phytoplankton community, and how? vent mixtures: methanol and aqueous ammonium acetate
DUNE-2 was conducted in a coastal LNLC area of Cor- (70: 30), and methanol. Pigments were detected spectropho-
sica (NW Mediterranean Sea; Guieu et al., 2013), a regiortometrically at 440 nm using a Hewlett Packard photodiode
subjected to multiple events of dust deposition per year, witharray detector model DAD series 1100. Fluorescent pigments
observations in recent years of fluxes up+@2 g T2 (Bon- were detected in a Hewlett Packard standard FLD cell series
net and Guieu, 2006; Guieu et al., 2010a, b; Ternon et al.1100 with excitation and emission wavelengths set at 407 nm
2010). Here we report data on pigment content (HPLC andand 665 nm, respectively. Determination and quantification
ChemTax analysis) of two size classes3 and > 3 um), of pigments was performed by using pigment standards from
electron transport rate (ETR) vs. irradiance () curves, non-the Danish Hydraulic Institute (DHI) Water and Environment
photochemical fluorescence quenching (NPQ), phytoplank{Hgrsholm, Denmark).
ton cell abundance through flow cytometry, together with nu-  The contribution of each phytoplankton group to total phy-
trient analysis. toplankton biomass (chlorophyll [Ch#]) was estimated by
using the ChemTax programme with input ratios slightly

) modified from Rodriguez et al. (2006) and Not et al. (2007).
2 Materials and methods

2.3 Active Chla fluorescence and photosynthetic

2.1 Experimental design and sampling strategy efficiency measurements

Two consecutive dust additions onto large cI_ean Mes0COSM{aasurements of non-photochemical fluorescence quench-
(26 June and 3 July 2010) were perf(())rmed mothe/ Elbo Bayjng (NPQ) and electron transport rate (ETR) vs. irradiance
(Scandola Marine preservation area’3ZN, 855 E), @ () curves were performed daily on freshly collected samples,

coastal area of western Corsica (NW Mediterranean Seayii a Phyto-PAM fluorometer (Heinz Walz GmbH, Effel-
Guieu et al., 2013). Each dust addition mimicked a high, yich Germany). ’

but still realistic, Saharan dust deposition (1ng_n_16uieu Given phytoplankton low cell abundance in the area of the
f’t al., 2010b). The pr’1y3|co-chem|_cal composition of thegy,qy samples were concentrated for PAM measurements.
evapocondensed dust’, used in this study, reproduced the;g "miliilitres of seawater were gently filtered onto poly-

usual mixing of Saharan dust and anthropogenic polluted.ponate filters (Merck Millipore, Darmstadt, Germany) of
air masses occurring in the Mediterranean basin (Guieu e 45 um pore size. Filters were then moistened and cells

al., 2010b, 2013). Three mesocosms (named DUST MeSOyere immediately resuspended in five mililitres of filtered
cosms: DM1, DM2, and DM3) were amended with 41.59 0f geqyater £ 0.2 um). All these operations were done un-

evapocondensed dust each, while three mesocosms, with N yery low light condition. This procedure was success-
addition of dust, were used as controls (CONTROL Mes0-f,y tested in laboratory on coastal mesotrophic samples

cosms: CM1, CM2 and CM3). Moreover, a station, outside Gt of Naples, Mediterranean Sea) and on diatom cul-
the mesocosms was used as control for eventual biases due es with different cell abundances, before applying it to

the structure of the mesocosms (named “outside”). Sampleg,e field experiment, in order to check if the concentration
were daily collected at three depths(.1, —5 and—10m)  ,rocedure could induce any stress, thus, modifying the re-
and at the same hour of the morning, during seven days aftef ;s since no differences were obtained between concen-

each dust addition. Samples at the outside station were takefated and non-concentrated samples, we applied this method
at the same hour of the morning, but once every two days. during the mesocosm experiment.

After fifteen minutes in dark, an aliquot of two millilitres
was used for measurements of ETR-I curves, and then an-

Soon after sampling, samples were kept in the dark whilefther two millilitres aliquot to estimate NPQ.

carried to the field laboratory, and for each one of them,
three litres of seawater were filtered onto polycarbonate fil-

2.2 Pigment and ChemTax analysis

www.biogeosciences.net/10/2973/2013/ Biogeosciences, 10, 29832013
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NPQ was quantified by the Stern-Volmer expression: The integration of the datasets concerning pigments
_ (> 3um) and nanophytoplankton cellular abundance (flow

NPQ= (Fm/Fm) —1 @) cytometry) was performed based on the assumption of a
where Fm and Fmare the maximum fluorescence values very low microphytoplanktonic biomass (so their negligible
from dark- and light-exposed samples, respectively. Fm andtontribution to total Chk) in relation with the severe olig-
Fm' were measured after a saturating pulse of red lightotrophic field conditions, and in agreement with the very low
(2400 pmol photons m?s~?, lasting 450ms), causing a biomass of large-sized Bacillariophyceae (ChemTax analy-
complete reduction of the photosystem (PS) Il acceptor poolsis; see result section).

ETR-I curves were determined applying 10
increasing irradiances (I, from 1 to 1500 pumol
photons m? s~ for 2 min each). 3 Results
in Ezr?o{e;? tnn]/_ezesl_elc)tr;g;rggliz?giégtgﬁzm% i))( plf)?sstisat 3.1 Evqution. of the environmental conditions during
et al. (1994) and Schreiber et al. (1994): the experiment

relETRmax= (FV/Fm) x I x 0.5 (2) During the entire experiment, light was high, reaching peaks

~ ~1 .
where, | is the incident irradiance (expressed in pumol pho-Of 900 pmol photons m# s~ at the subsurface (Table 1;

tons nT2s-1). A factor of 0.5 was applied to correct for the Guieu et al., 2013). Seawater temperature increased at the

partitioning of photons between PSI and PSII, assuming tha§ur_face toward t_he enql .Of bOth dust addition periods, indi
o : o cating changes in stratification over the course of the whole

excitation energy is evenly distributed between the two pho- . . , . .

tosystems experiment. During the first dust addition period, the temper-

ETR-I curves were fitted with the equation of Eilers and ature data reflect a transition from spring to summer condi-
Peeters (1988) to estimate the phot theti t flons (Table 1, Guieu et al., 2013).
photosynthetic parameters : ! :

B, EK andheETRmax Befqre the first dust addition was performed, pgtrlent con-
rel rel ax centrations were undetectable (nitrate and nitrite) or low
2.4 Flow cytometry (phosphate; Table 1). Nitrate (Ridame et al., 2013) and phos-

phate concentrations (Pulido-Villena et al., 2013) increased
For the enumeration of autotrophic prokaryotic and eukary-soon after the dust additions. Dissolved iron concentrations
otic cells by flow cytometry, subsamples (four millilitres) decreased after the first dust addition, while increased after
were fixed with formaldehyde (2% final conc.), and incu- the second addition in the DUST Mesocosms, and remained
bated for 30 min at 4C, then quick-frozen in liquid nitro-  stable in the CONTROL ones (Table 1; Wuttig et al., 2012).
gen and stored at80°C until analysis. Counts were per- Silica concentrations were higher than the other macronutri-
formed on a FACS-Calibur flow cytometer (Becton Dickin- ents, and remained quite stable after dust additions (Table 1;
son, San Jose, CA, USA), equipped with a 488 nm wave-Guieu et al., 2013).
length, 15mW Argon laser. Separation of different au-
totrophic populations was based on their scattering and flu3-2 Phytoplankton biomass and community diversity
orescence signals according to Marie et al. (20@)ne- ,
chococcusspp. was discriminated by its strong orange fluo- In D_L_JST _Mesocosms _(hereafter called DM)’ the f'.rSt dust
rescence (58% 21 nm), and pico- and nanoeukaryotes were addition m@ced a picophytoplankion biomass |rlcirease
discriminated by their scatter signals of red ﬂuorescence(Chl a<g; Fig. 1a), from~0.03 t0~0.06 ug Chla.sL™",

670 nm). The coefficient of variation was generati % all over the three depths, reaching a maximal value of
EZgogu’e et)al. 2004)_| ! variationwas g % 0.056+0.018 ug Chli- 3L~ at the surface, five days after

the first dust addition (Fig. 1a). In CONTROL Mesocosms
2.5 Statistical analysis (hereafter called CM), the ChL 3 concentration was signif-

icantly lower than in DM p < 0.01,n = 114), ranging from
Data of mesocosm triplicates are presented as mean, after 0.02 to~0.03 ug Chla_3L~1 (Fig. 1b). The response of
Student’s t-test was used to verify that no significant dif- the nano- and microphytoplanktonic component (@hg)
ference occurred between replicates, either in dust-amendet the first dust addition was less strong than the picophyto-
or control mesocosmyp(> 0.05, 31<n < 44). Student’s t-  planktonic one, with Ché.. 3 concentration slightly increas-
test and multiple regressions conducted on the entire dataséig from ~ 0.014 to~ 0.020 pg Chh- 3L~ (Fig. 1c).
between the measured Chlconcentration in the two size After the second dust addition, the increase of
classes and the Clal concentration of the specific groups Chl a3 biomass was strong (reaching 0.G88.011 ug
(ChemTax analysis), as well as between cellular abundanceShl a3 L~1), mainly at the surface, while decreasing with
(flow cytometry) and Chhk-group specific abundance val- depth (Fig. 1a) probably as a result of thermal stratification.
ues (ChemTax analysis), were performed by using the proThe increase in Chh. 3 concentration was much more
gramme Statistica (StatSoft, OK, USA). enhanced during the second dust addition (i.e., the day after
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Fig. 1. Evolution of picophytoplankton mean chlorophyll (Chl) 3 concentration (ug Chi_ 3 L~1y in dust-amended mesocosms (D{d)
and control mesocosms (CNb), nano- and microphytoplankton mean Ghls concentration (pg Cht- 3L~1) in DM (c) and CM(d),
and picophytoplankton biomass contribution to total phytoplankton biomass:(GhIChl atot) in DM (e) and CM(f), over time (hours).
The arrows indicate the time at which each dust addition was performed.

the addition) relative to the first one, all over the depth gradi-tion of the two size classes and the Ghdoncentration of the
ent, but especially at the surface (reaching 0846002 ug  specific groups (retrieved from ChemTax analysis):
Chla. 3L~1; Fig. 1c).

Seasonal transition changes in water temperature (frongzhI a<3 = 0.04prasinophycead- 0.107Dinophyceae ®)
2 July onward; Table 1) might explain the increase in&&hd +0.535aptophyceaet 0.27Oelagophyceae
and Chla- 3 concentration found in CM after the second dust +0.566cyanophycead- 0.0588acillariophyceae

addition (Fig. 1b, d), in agreement with the well known in-
fluence of temperature on the growth rate of phytoplankton

(see Chen and Liu, 2010, and references therein). Chla- 5 = 0.007rasinophycead- 0-228inophyceae Q)
Picophytoplankton accounted for 70% of total phy- +0.310Haptophyceaet 0.406chiorophyceae
toplankton biomass, in both DM and CM, remain- +0.077cyanophycead- 0-233sacillariophyceae

ing almost stable during the entire experiment, while

decreasing to~60% after the second dust addition, Picophytoplanktonic diversity (in terms of Chis

only in DM (Fig. 1e, f). concentration) was mainly dominated by Cyanophyceae,
Concerning the contribution of phytoplankton groups on Haptophyceae and Pelagophyceae=(113, R*=0.99,

the two size classes, we performed multiple regressions o < 0.001), while Chlorophyceae, Haptophyceae, Bacillar-

the entire dataset (i.e., samples taken soon before and afté@Phyceae and Dinophyceae, were the dominant groups for

each dust addition) between the measuredCtncentra-  the nano- and microphytoplanktonic component(114,
=0.99, p < 0.001).

www.biogeosciences.net/10/2973/2013/ Biogeosciences, 10, 29832013
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Table 1. Evolution of environmental conditions during the experiment, and initial environmental conditions. Temper@jutglt (umol
photons n2s~1), daily integrated light (mol photonsTﬁ d=1), nitrate (NG, pM), nitrite (NG, , uM), dissolved inorganic phosphorus
(DIP, nmol L™1), orthosilicic acid (Si(OH), pmol L1, dissolved iron (DFe, nmoltl), bacteria abundance @@ells mL1). * Temper-

ature mean dat# SD over 24 h. ** Light measurements between 04:05a.m. and 11:00 p.m., with the only exception of 9 July (i.e., between

04:05a.m. and 03:00 p.m.). Data are meag=(7) + SD (Wulttig et al., 2012; Guieu et al., 2013; Pulido-Villena et al., 2013; Ridame et al.,
2013).

Evolution of environmental conditions

First dust addition  Second dust addition End of the experiment
Stratification No stratification %C between-0.1 and—10m  5°C between-0.1 and—10m
Temperature (at5m depth)* 21.040.22 21.670.46 23.63t0.64
Maximal light of the day 890.00 873.77 841.82
Daily integrated light (at-0.1 m depth)** 21.33 21.12 23.50

Initial environmental conditions (mean of DM, CM, and OutM concentrations)

—0.1m —-5m —10m
NOg <0.03uM (d.l.) <0.03uM (d.l) <0.03uM (d.l.)
NO; <0.01puM (d.l) <0.01puM (d.l) <0.01puM (d.l)
DIP 3+2 7+2 5+2
Si(OH), 1.15+£0.01 1.26+0.19 1.26+0.20
DFe 3.58+0.64 3.8+ 0.66 2.65+0.36
Bacteria abundance 4480.3 4.7+0.4 4.3+0.4

Haptophyceae, Cyanophyceae and Pelagophyceae wewas significantly lower than in DM (g 0.01,n = 112), and
the most represented picoplanktonic taxonomic groups, altanged betweer 0.004 and~ 0.012 ug Chk_3L~1, with-
responding to the dust additions (Fig. 2). Even if less abun-out any specific trend over time and depth gradients (Fig. 2f).
dant, Prasinophyceae, Dinophyceae and Bacillariophyceae Haptophyceae, Chlorophyceae and Bacillariophyceae
were also present (data not shown). were the most represented groups in terms of nano- and mi-
Before the first dust addition, Haptophyceae were thecrophytoplankton biomass, with lower biomass contribution
main contributor to the Chk_3 concentration, with an from other groups (e.g., Prasinophyceae, Dinophyceae; data
initial Chl a_3 concentration of~0.014pug Chla_3L™1 not shown).
(Fig. 2a, b). The biomass of this group increased (up to The biomass of nano- and micro-Haptophyceae ¢zh
0.028+0.003 ug Chla_3L~1; Fig. 2a) five days after the concentration) mainly increased after the second dust ad-
first dust addition, while it quickly responded to the seconddition (from ~0.008 to~ 0.015 pug Chli- 3L 1), whereas
addition, reaching 0.032 0.005 ug Chki_3L~1. InCM, the  slightly increasing after the first addition (Fig. 3a). In CM,
biomass values of Haptophyceae were significantly lowerthe biomass of Haptophyceae was significantly lower than
than the DM ones f <0.01, n = 112), ranging between in DM (p <0.01,n =111), and relatively stable over time
~0.006 and~ 0.020 pg Chli_ 3 L~1(Fig. 2b). and depth gradients (Fig. 3b), with the only exception of the
The initial Chl a-3 concentration of Cyanophyceae slight biomass increase concomitant to the thermal stratifica-
(0.0104 0.004 pg Chla_3L~1) increased at the surface in tion of the water column, at the end of the experiment.
response to the first (0.0200.004 ug Chk_3L~1) and sec- The biomass of Bacillariophyceae was very low and it
ond dust addition (0.024 0.008 pg Chlu_3L~1; Fig. 2c). slightly increased after the first dust addition fren©.0009
An increase in the biomass of Cyanophyceae can be noto ~0.0020 ug Chhk. 3L~1, whereas their greatest increase
ticed at the end of the experiment 0.030 ug Chli_3L~1; was found five-six days after the second addition, espe-
Fig. 2c). In CM, the biomass of Cyanophyceae was signif-cially below 5m (0.0092- 0.004 pg Chl. 3 L~1; Fig. 3c).
icantly lower than in DM p <0.01,n =112), and ranged In CM, the biomass of Bacillariophyceae was significantly
between~ 0.003 and~0.012 ug Chla_3L~1, with no pe-  lower than in DM {p <0.01,n = 111; Fig. 3d), following
culiar trend over time (Fig. 2d). the same positive trend as described previously for Hapto-
The initial Chla.3 concentration of Pelagophyceae was phyceae biomass (Fig. 3b).
~0.008 pg Chla-3L~1 (Fig. 2e, f) and it increased es- Chlorophyceae were only present in DM (Fig. 3e), under-
pecially at the surface, after the first (0.04®.003ug lining a very strong nutrient limitation for growth in control
Chl a-3L~1) and second dust addition (0.028.002ug  conditions (Fig. 3f), as well as their possible opportunistic
Chla_3L~1; Fig. 2e). In CM, the biomass of Pelagophyceae strategy in response to nutrient availability. Their @hls
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Fig. 2. Evolution of picophytoplanktonic Haptophyceae mean chlorophyll (Ghl} concentration (ug Chi_ 3 L~1) in dust-amended
mesocosms (DM(a) and control mesocosms (CNb), Cyanophyceae mean Cil 3 concentration (g Chi-3L~1) in DM (c) and CM

(d), and Pelagophyceae mean @hls concentration (ug Chi_3L~1) in DM (e) and CM(f), over time (hours). The biomass of each
picophytoplanktonic group was obtained through ChemTax analysis. Cyano, Cyanophyceae; Hapto, Haptophyceae; Pelago, Pelagophycea
The arrows indicate the time at which each dust addition was performed.

concentration doubled mainly at the surface (frend.007 Prochlorococcugellular abundance was very low, ranging
to ~0.013 pug Chl- 3L~1) just after the second dust addi- between~ 500 and~ 2500 cell mL=1, confirming the lack of
tion took place (Fig. 3e). detection of divinyl-chlorophyll pigment by HPLC analy-
sis. No significant changes occurred in relation to dust addi-
3.3 Phytoplankton abundances by flow cytometry tions (data not shown).
measurements Picoeukaryotes represented the least abundant picophyto-

planktonic component, with a cellular abundance ranging be-
Synechococcusvas the dominant picophytoplankton in tween~ 70 and~ 470 cellmL~ (Fig. 4c, d), without being
terms of cellular abundance. In DNdynechococcusellular  significantly affected by dust additiong & 0.05,n = 117).
abundance remained almost stabte20.000 cells mi?) af- The cellular abundance of nanophytoplankton increased
ter the first dust addition, while it significantly increased after soon after the second dust addition from500 to
the second dust additiop (< 0.01,n = 54), reaching avalue ~ 950 cellmL~1, especially at the surface, reaching a max-
of 41.8064 3965 cellmL=1, at the end of the experiment imal value of 135 306 cellmL~! on the last day of the
(Fig. 4a). It can be noticed that the maxin®lnechococcus experiment (Fig. 4e). In CM, the nanophytoplankton cellu-
cellular abundance was found below the 5m depth. In CM,lar abundance was significantly lower than in DM« 0.01,

Synechococcusellular abundance was significantly lower » = 117; Fig. 4f), and increased over the three depths (from
thanin DM (p < 0.01,n = 117; Fig. 4b), increasing from the

middle of the experiment, as the Ghl 3 concentration did.

www.biogeosciences.net/10/2973/2013/ Biogeosciences, 10, 29832013
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Fig. 3. Evolution of nano- and microphytoplanktonic Haptophyceae mean chlorophyll {Chlxoncentration (pg Chi. 3 L~1) in dust-

amended mesocosms (D) and control mesocosms (CNh), Bacillariophyceae mean Chl, 3 concentration (g Chi. 3 L1y in DM

(c) and CM(d), and Chlorophyceae mean Ghl 3 concentration (g Chl. 3 L~1) in DM (e)and CM(f), over time (hours). The biomass of

each nano- and microphytoplanktonic group was obtained through ChemTax analysis. Bacillario, Bacillariophyceae; Chloro, Chlorophyceae;
Hapto, Haptophyceae. The arrows indicate the time at which each dust addition was performed.

~ 300 to~ 600 cellmL~1; Fig. 4f), starting from the middle  The highest pigment contribution to cellular abundance was
of the experiment. due to Haptophyceae, followed by Dinophyceae, Bacillario-

Multiple regressions were performed on the completephyceae and lastly Chlorophyceae, a finding that might high-
dataset (i.e., samples taken soon before and after each dught the distinct Chl: cellular content among these groups,
addition) between cellular abundance and @&igroup spe- in relation to their different cell size.
cific concentration values. For the picophytoplankton com- By reporting pigment data per cellular abundance data, we
munity, none of the tested multiple regressions was signifi-are able to describe few specific physiological changes of the
cant, probably suggesting a huge diversity in pigment con-phytoplanktonic community.
tent of the distinct groups alternating during the experiment. Zeaxanthin (Zeax) pe8ynechococcuell increased after
By contrast, for the nanophytoplankton community, the fol- the first dust addition (from- 0.5 to ~ 1.3fg Zeax celtl),
lowing result was obtained 1112, R2 =0.52, p <0.001):  and after the second addition only at the surface (froh6

to ~ 1fg Zeax celt1, Fig. 5a), with values lower than 0.7 fg

(3)  Zzeax celLin CM (Fig. 5b).

An almost two-fold increase in Chi.3 concentration
per picophytoplankton cell (from-1.5 to~3fg Chla.3
cell~1) rapidly occurred after the first dust addition, mainly
at the surface, suggesting a very fast physiological response

NandCell Abundance= 0.322pinophyceae
+0-349-|aptophyceaef‘ 0~20?Chlorophyceae
+0.267acillariophyceae

Biogeosciences, 10, 2973991, 2013 www.biogeosciences.net/10/2973/2013/



V. Giovagnetti et al.: Assessing the role of dust deposition on phytoplankton ecophysiology 2981

(@) Syn cell abundance - DM (b) Syn cell abundance - CM
0 |
i \ | /
nnnnn \ { 000
L s A B 3 L o
=4 g 8
’é‘ S S ’é\ 7-’ 35000
;g_ 5 . -é 5 3 00
2 @ / )
[s] Iy 25000 a 5000
g 8
S | AR [ |20000 o 20000
8
ST! S P S S oo 404y | P e
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300
Time (h) Time (h)
(c) Picoeuk cell abundance - DM (d) Picoeuk cell abundance - CM
0 1 0 ’
U M { | i
P L B
— _ g 5
£ 82 g ] f ~ E g g &
= g3 E 4] £ 3
£ 5 o | o O o e | e - £ .54 I T o | e ol o | o ||k 00
g R 2 s \
a Sg 8 / 20 QO 3 5 g 3 240
) s s .
/ ‘ > f / 2 J \ﬂ J [ -
!
10- N TSR Y S VA /S TS | N L S — el L L
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300
Time (h) Time (h)
(e) Nano cell abundance - DM () Nano cell abundance - CM

o

0 bi 7 \ v T
(] T W
) 1200 ,) \ \ 1200

_ . _ , f
B I g £ | \ 5
£ 5 -‘s\\ / . . £ 5 o\ . / - -
B 800 F3 s 800
f - . 8 . \
7/ (\J \ 600 { \ | Feoo
[ \ L) | \
-10 ?J | | | —4 DR i w  -10+F T T / el . T 200
0 30 60 90 120 150 180 210 240 270 300 0 30 60 90 120 150 180 210 240 270 300
Time (h) Time (h)

Fig. 4. Evolution of Synechococcusean cell abundance (cells mt) in dust-amended mesocosms (D¢d) and control mesocosms (CM;

(b), picoeukaryotes mean cell abundance (cellshLin DM (c) and CM(d), and nanophytoplankton mean cell abundance (celfshL

in DM (e) and CM(f), over time (hours). SyrSynechococcy®icoeuk, picoeukaryotes; Nano, nanophytoplankton. The arrows indicate the
time at which each dust addition was performed.

of picophytoplankton to the input of new nutrients (Fig. 5c). ters to dust additions, relative to control conditions. The pho-
This response lasted for some days before decreasindpsynthetic parameters, electron transport rai& TRmax),
and increased again after the second dust additioB f§ quantum yield of electron transpori&®) and light satura-
Chl a_3cell™1). In CM, the Chla_3 concentration per pi- tion index (Ek), were almost stable over time, with similar
cophytoplankton cell was lower than 2.0fg Ghlzcell™! values among DM and CM (Fig. 6).
(Fig. 5d). New nutrient inputs induced also changes in the modu-
Chl a- 3 concentration per nanophytoplankton cell rangedlation of non-photochemical fluorescence quenching (NPQ)
from ~ 20 fg Chla- 3 cell~1 to a maximal value of 68 10 fg and xanthophyll cycle (XC). NPQ increased after the first
Chl a-3cell"! (Fig. 5e), quickly increasing the day af- dust addition, reaching the value sf0.28 (from a very low
ter each dust additionr{(40fg Chla- 3 cell", and~48fg initial value of ~ 0.006; Fig. 7a). After the second dust ad-
Chl a- 3 cell™1, after the first and second dust addition, re- dition, NPQ is further enhanced, up to a surface value of
spectively; Fig. 5e). In CM, the Chl. 3 cell- remained low,  ~ 0.48, probably in relation to the higher biomass contribu-
ranging between- 13 and~ 28 fg Chla- 3 cell"! (Fig. 5f). tion of nano- and microphytoplankton than after the first ad-
dition (Fig. 7a). In CM, NPQ was significantly lower than in
3.4 Photosynthetic parameters and photoprotective DM (p < 0.01,n = 79; Fig. 7b), and increased at the end of
responses the experiment, in relation with the slight nano- and micro-

N i i phytoplankton biomass augment.
One of the most intriguing results we obtained is the absence

of response of the PAM-estimated photosynthetic parame-

www.biogeosciences.net/10/2973/2013/ Biogeosciences, 10, 29832013
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Fig. 5. Evolution of picophytoplankton mean zeaxanthin (Zegx concentration peSynechococcuell (fg Zeax 3 cell™1) in dust-
amended mesocosms (DNh) and control mesocosms (CNb), picophytoplankton mean chlorophyll (Cht). 3 concentration per the
sum of Synechococcuand picoeukaryotes cell (fg Chl. 3 cell™1) in DM (c) and CM(d), and nanophytoplankton mean Ghl 3 con-

centration per cell (fg Chi. 3cell™1) in DM (e) and CM (f), over time (hours). SynSynechococcugico, picophytoplankton; Nano,
nanophytoplankton.The arrows indicate the time at which each dust addition was performed.

Diadinoxanthin (Dd) and diatoxanthin (Dt) Chtlratios The increase in Chla concentration per day (ug
were generally higher in DM than in CM, even if sometimes Chl a L~1d~1) for the two phytoplankton size classes, and
undetectable by HPLC, due to volume-fractionation of sam-the relative decrease in nutrient concentration (ug nutri-

ples (data not shown). entL-1d™1), after dust additions, are reported in Table 2.
Two days after the first dust addition, i.e., after one lag day,
3.5 Phytoplankton biomass increase vs. nutrient only the picophytoplankton was able to increase their£hl
conditions biomass, mainly with an increase in Cyanophycea@7 %)

i ) ) . . and Haptophyceae(23 %), while nano- and microphyto-
In this section, we aim at relating the increase of €Bbn-  53nkton biomass increased three days after this dust addition
centration observed after dust additions with the use of nu(TabIe 2). By comparing biomass and nutrient variations, two

trient, on a daily basis. We chose three days in which phyto-y three days after the first dust addition, nano- and micro-

plankton biomass increased just after the dust additions, a”ghytoplankton would need similar [N@ and [PO°’4‘] but al-
assumed that the impact of grazing or cell death was negligit, ost two-fold lower [Si(OH)], and four-fold higher [DFe],

ble. Da_ily variations of Chd concentration and nutrient con- 4 the picophytoplankton, to reach the same daily biomass
centration were calculated on mean data measureeDdt augment. A similar [NQ] need for the two size classes of

and —5m depths, being more homogeneous than data colppytoplankton was quite unexpected. We can hypothesise
lected at-10m (mainly after the second dust addition). that nano- and microphytoplankton underwent nitrogen and

Biogeosciences, 10, 2973991, 2013 www.biogeosciences.net/10/2973/2013/
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Fig. 6. Evolution of the quantum yield of electron transpogid®; umol € m~2 s~ [umol photons m2s~1]~1) in dust-amended meso-
cosms (DM;(a) and control mesocosms (CNb), relative electron transport ratgETRmax; tmol € m~2s~1) in DM (c) and CM(d),
and light saturation index (Ek; pmol photons&s~1) in DM (e) and CM(f), over time (hours). The arrows indicate the time at which each

dust addition was performed.

phosphate colimitation in their initial response to the first the increase in picophytoplankton biomass mainly to Hap-
dust addition, in agreement with the available very low ni- tophyceae and Cyanophyceae (Table 2).
trate concentration (see Ridame et al., 2013).

The response of the phytoplankton community to the sec-
ond dust addition occurred the day after the pulse of new4 Discussion
nutrients (i.e., 191 h) and was much stronger than after the
first dust addition, with an almost three-fold higher @y, 4.1 Changes in the structure and composition of the
increase (0.0271 g ChirgtL~1d~1 at 191 h; Table 2), rel- phytoplankton community in response to dust
ative to the first addition (0.0091ug ChhyL=1d™! at additions

23h; data not shown). During the second dust addition, a ) ) ) ) ]
48 % contribution to total biomass increase was due to nanoJ "€ @im of this study was to investigate how atmospheric

and microphytoplankton (Table 2), i.e., a higher contribu- "W nutrient pulses affect the growth of the surface wa-
tion relative to their percentage after the first dust addi-t€" layer phytoplankton community of a LNLC area of the

tion (35%: data not shown), consistently with the greaterMediterranean Sea, by coupling the study of functional fea-
use of [NQ;] and [PCf] (Table 2), which agrees with ture_s, such as cell size or photob!ologlcal propert|es_, with
the nutrient repletion of the day after the dust deposition.2 Siz&-dependent chemotaxonomic pigment analysis (Ro-
The nano- and microphytoplankton biomass increase wa8iguez et al., 2006; Not et al., 2007). The dependency on

mainly due to Haptophyceae and Chlorophyceae, wherea®nicro-algal cell size of the ecosystem structure and func-
tioning is well known, and the contribution of the HPLC

www.biogeosciences.net/10/2973/2013/ Biogeosciences, 10, 29832013
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Table 2. Daily variation of total and fractionated chlorophyll (Clal}concentration (ug Chit L=1d-1), dominant phytoplanktonic groups
(Mg Chla L—1d~1), and nutrients concentration (ug nutrienttd—1) in dust-amended mesocosms (DM), two (47 h) and three days (71 h)
after the first dust addition, and the day after the second dust addition (191 he{@$)l atoi], variation of total chlorophylk concentration;

A Chla_ 3, variation of picophytoplankton chlorophyliconcentrationA [Chl a., 3], variation of nano-/microphytoplankton chlorophyll
concentration. Daily variations have been calculated on mean values of the data meas@rédhat—5 m depths. Chloro, Chlorophyceae;
Cyano, Cyanophyceae; Dino, Dinophyceae; Hapto, Haptophyceae; Pelago, Pelagophycgastrai®; NG, , nitrite; P(fl_, phosphate;
Si(OH)y, orthosilicic acid; DFe, dissolved iron.

Time A[Chlatg] A[Chla_3] AlChla.3] ANOjz APOZ* ANO,  ASi(OH) ADFe
First dust addition
47 0.0077 0.0077 0.000 —38.1 —-0.46 —0.67 —12.3 -0.035
Hapto_ 3 (23 %)
Cyana. 3 (77 %)
71 —0.0058 —0.0085 0.0027 -155 -0.17 -0.14 —-2.31 -0.042
Dino. 3 (55 %)
Hapta. 3 (45 %)

Second dust addition

191 0.027 0.0157 0.0114 —168.6 -7.7 -0.85 —-1.50 -0.007
Hapto_3 (51%) Hapta 3 (47 %)
Cyana.3(36%) Chlora. 3 (42 %)
Pelaga 3 (13 %) Dino. 3 (11 %)

pigment determination on fractionated samples is relevant irrapid response of picophytoplankton fits their dominance and
providing size-related taxonomical information (e.g., Brunet ability to out-compete bigger cells (e.g., Chlorophyceae, see
and Lizon, 2003; Brunet et al., 2006, 2007). The approachbelow) in extreme environmental conditions (i.e., the nutrient
used in this paper parallels flow cytometry with HPLC pig- limitation and high light of the studied surface waters), hav-
ment measurements on fractionated samples to obtain deepigg a higher efficiency in physiological processes (and possi-
insights of cell size-related phytoplankton community dy- bly growth rates), in low-resource habitats, when compared
namics. Specifically, we investigated how the physiologicalto bigger phytoplankters (Raven, 1998; Raven et al., 2005).
state and composition of a natural phytoplankton commu- Dust deposition has been demonstrated to affect the com-
nity, adapted to high light and nutrient paucity (oligotrophic munity structure of both phytoplankton and bacterioplank-
coastal surface system), is modified by sudden increases iton in the central Atlantic Ocean (Mdian et al., 2010), and
nutrient availability. in the NW Mediterranean Sea (Pulido-Villena et al., 2008;
Induced variations in taxonomic, cell size and functional Romero et al., 2011), with an early and predominant response
diversity of phytoplankton communities result in competi- of heterotrophic bacteria shortly after nutrient pulses due to
tion or coexistence of multiple species (Hutchinson, 1961;dust additions. Our study shows how the picoplankton (au-
Tilman et al., 1982). Functional changes in phytoplanktontotrophic and heterotrophic) community is able to quickly
cell size and functional groups diversified by peculiar bio- respond to sudden new nutrient inputs, with an enhancement
geochemical properties (Iglesias-Rodriguez et al., 2002), foof the bacterial respiration soon after the first dust addition,
instance associated with nitrogen-fixation (Leé@uet al.,  while remaining constant and higher than in CM until the
2005; Agawin et al., 2007), diatom/cyanobacterial associ-end of the experiment (Pulido-Villena et al., 2013). A dust-
ation (Carpenter et al.,, 1999), or even mixotrophy ability induced greater bacterial biomass production, relative to phy-
(Raven, 1997), cause the alternation of successful specigsplankton primary production, has been observed in relation
whose eco-physiological characteristics will eventually de-with the degree of oligotrophy of the ecosystem (Ménaet
termine the quality (elemental and biochemical composition)al., 2010). However, during our experiment, bacterial abun-
and quantity of primary production transferred up to the ma-dance is controlled by viruses and, to a lesser extent, by het-
rine food web (Finkel et al., 2010 and references therein). erotrophic nanoflagellates, especially after the second dust
Different cell size-related dynamics of change in phyto- addition (Pulido-Villena et al., 2013).
plankton community structure and composition are found in In the autotrophic picoplankton community, Cyanophyce-
the studied ecosystem. Picophytoplankton respond to the firsie and, to a lesser extent Haptophyceae, are the major
input of nutrients, while nano- and microphytoplankton re- players responding to nutrient pulses, in agreement with
sponse is mainly relevant soon after the second one. Thsetudies reporting the impact of macronutrient deprivation on
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Fig. 7. Evolution of the non-photochemical fluorescence quenching (NPQ) mean values of the phytoplankton community in dust-amended
mesocosms (DM(a) and control mesocosms (CNb), over time (hours). The arrows indicate the time at which each dust addition was
performed.

Cyanophyceae (e.g., Kana et al., 1992; Collier et al., 19944ust addition (Table 2), with the dissolved inorganic phos-
and Haptophyceae cultures growth (e.g., Riegman et al.phorus being also partially depleted by bacterial assimila-
2000). This feature highlights the opportunistic behaviour oftion (Pulido-Villena et al., 2013). The estimated N/P ratio
these groups under low-nutrient, low-chlorophyll and high used for phytoplankton growth is 22, i.e., relatively close
light conditions, driven by allochthonous energy inputs. Thisto the Redfield ratio value.
first response does not induce any change in the community During the first dust addition, a similar nitrogen ([ND
structure, being only a further increase of the already [NO; J)/phosphate ([pgy]) ratio characterises both the
dominant picophytoplankton biomass, even if it leads to anpjcophytoplankton (84.3, increase of the second day) and the
enhancement of their contribution. In contrast, the largemano- and microphytoplankton nutrient assimilation (92, in-
cell-sized phytoplankton need three days to be able of &rease of the third day). We believe that this result reflects
biomass increase, which is a quite long lag time that relateg, nitrate and phosphate colimitation of the nano- and mi-
to the low biomass of nano- and microphytoplankton atcroplanktonic community, that in turn caused the long lag
the beginning of the experiment, possibly linked to the time for growth.
unhealthy physiological state of larger cells and competitive A striking finding is the relevant contribution of Chloro-
disadvantage relative to smaller ones. Nano- and microphyphyceae to nano- and microplankton biomass, despite be-
toplankton biomass increase is strongly limited by the lowing undetectable before the second dust addition or in con-
concentration of nutrients present at the sea surface layefrol conditions. This result underlines the high nutrient
after the picophytoplankton bloom following the first dust concentration-requirement of this class for growth (in agree-
addition. In contrast, a biomass increase of large cell-sizegnent with nutrient availability after the second dust addi-
Haptophyceae and Chlorophyceae, even if slightly lowertion), and is consistent with the presence of Chlorophyceae
than the picophytoplankton biomass increase, relies upoRat least the picophytoplankton size class) in DCM lay-
the second pulse of nutrients, contributing~¢®0 % of the  ers of oligotrophic ecosystems (Brunet et al., 2006, 2007).
total biomass. Chlorophyceae occurrence in the DCM has been mainly re-
These results highlight that, during few days, the sec-jated to their pigment properties, and notably to the pres-
ond dust addition determines relevant modifications in thEence of Chb, which is particu|ar|y suited to exp|oit the dim
ecological properties and trophic state of the first ten me-pjue-light environment of such depths (Bidigare and Marra,
tres of the water column, possibly causing a switch from1990; Brunet et al., 2006). By comparing this study with
oligotrophic to mesotrophic regimes in the system. Unfor- previous ones (Brunet et al., 2006, 2007), we can, there-
tunately, our experimental setup did not allowed to furtherfore, assume that both the low light environment and nu-
investigate how such changes in the phytoplankton commutrient availability are the main triggers controlling the pres-
nity composition affected the trophic web interactions. ence of nano- and microphytoplanktonic Chlorophyceae in
In response to the second dust addition, not only nanothe DCM. The presence of the pigment prasinoxanthin to-
and microphytoplankton biomass increases, but also pigether with Chb (data not shown) indicates that a portion of
cophytoplankton biomass, with prevalent contributions of the Chlb-containing species is related to the prasinoxanthin-
Haptophyceae, Cyanophyceae and Pelagophyceae. This igontaining class Prasinophyceae, as already reported in the
crease in total biomass requires all the available nUtri-Water |aye|' above the depth of 70m, in the Mediterranean
ents, more strongly exploiting both nitrate-168.65ug  Sea (Brunet et al., 2006).
NO; L~1d~%) and phosphate«7.7pg PG L=1d™Y), in
comparison to the biomass increase occurring after the first
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4.2 Effects of the dust additions on the physiological to modify their Chla content in relation to the light envi-
state of the phytoplankton community ronment, due to both species succession and physiological
acclimation (e.g., Brunet et al., 2006).
Concomitant to changes in the composition and structure of Concerning the nano- and microphytoplankton commu-
the phytoplankton community, the physiological state of thenity, we report Chk cellular content values ranging between
community evolves, as shown by the increase of the pigmen20 and 60 fg Chk cell"1. As found for the picophytoplank-
content per cell in picophytoplankton, a response that wagon community, the values of nano- and microphytoplankton
also previously reported in LNLC region surface layers of Chl a cellular content are lower than the ones measured in
the Atlantic Ocean (Davey et al., 2008; Moore et al., 2008). laboratory cultures (Stolte et al., 2000), even under high light
By taking advantage of the absent detectiofPrfchloro- stress (LaRoche et al., 1991), possibly underlining the effect
coccus we combined HPLC-fractionated pigment and flow that nutrient-replete conditions might have on modifying the
cytometry data to estimate the zeaxanthin (Zeax) contentellular pigment content in phytoplankton.
perSynechococcull. Synechococcugeax cellular content At the photophysiological level, a rapid photoprotective
ranges between 0.3 and 1.5fg Zeax cklbeing lower than  response (i.e., NPQ development) is found soon after the first
previously reported in literature (Kana et al., 1988; Morel et dust addition and remains quite high during few days, be-
al., 1993; Moore et al., 1995). It should be noticed that, thesdore decreasing during nutrient concentration lowering. The
studies show pigment content measured in laboratory culhighest value of NPQ developed in response to the second
tures under nutrient-replete conditions and optimal temperadust addition might be due to the higher contribution of nano-
ture and light, factors that significantly affect phytoplankton and micro-phytoplanktonic species, that might have a greater
pigment changes. In contrast, our data refer to samples cokapacity to enhance NPQ than smaller ones (as the case of
lected in surface waters and during summer, thus, represerdiatoms for instance; Brunet et al., 2011). The overall de-
tative of a phytoplankton community undergoing quite ex- crease in Cyanophyceae after the second dust addition might
treme regimes of high light and oligotrophy. We show that in- have also contributed to the dynamics of NPQ modulation,
creasing nutrient concentrations cause a rapid enhancemeint agreement to their lower NPQ capacity relative to eukary-
of the pigment content per cell, reflecting nutrient-dependenbtic species (Brunet et al., 2011 and references therein), also
processes within photosystems $fnechococcueells that  in function of their high light adaptation, as they tend to oc-
are experiencing a healthy physiological state. Indeed, nitrocupy the surface water layer of oligotrophic areas, as also de-
gen starvation has been reported to differently affect phycoscribed in the Mediterranean Sea (Brunet et al., 2006, 2007).
biliprotein regulation and energy transfer from phycoerythrin  Modifications of the physiological state of the phytoplank-
to the electron transport chain, 8ynechococcusp. strains  ton community are furthermore underlined by comparing our
originating from oceanic or coastal marine ecosystems (Kanaesults on gross primary production (relative electron trans-
et al., 1992), as well as nutrient deprivation is known to im- port rate;,e|ETRmax) With the isotopic measurements of net
pactSynechococcusp. PSII activity (Collier et al., 1994). primary production¥3C PP; data available only at 5 m depth;
The chlorophyll (Chl)a content per picophytoplankton Ridame et al., 2013).
cell ranges from 1.5 to 3.4 fg ChL 3 cell™1, also increasing Plots of el ETRmax and3C PP highlight a different regu-
with new nutrient inputs, as cellular physiological responsedation of the photosynthetic process of the two phytoplank-
and/or species succession occur. In comparison with otheton size classes (Fig. 8). Both measurements are not corre-
studies (e.g., Brunet et al., 2006, 2008; Dimier et al., 2009alated by pooling together all data of control and dust meso-
b), the Chla content per picophytoplanktoncell is quite cosms, or only using dataset of dust mesocosms (data not
low, in agreement with the high contribution 8fnechococ- shown). By separating the two dust additions, no signifi-
cus at the beginning of the experiment, while picoeukary- cant correlation is found during the first dust addition pe-
otic biomass of Haptophyceae and Pelagophyceae increase®d (Fig. 8a), whereasgETRmax and 13C PP are signif-
along the experiment evolution. Both the lower Gldellular icantly correlated during the second dust addition period
content ofSynechococcuglative to picoeukaryotes, as well (R?=0.29, p <0.05; Fig. 8b). It should be noticed that
as to the high light acclimation of cells inhabiting surface gross and net primary production are significantly corre-
water layers, explain this low Chil content per picophyto- lated in control mesocosm&¢ = 0.30, p < 0.01; Fig. 8c),
plankton cell. Brunet et al. (2006) have previously estimatedas expected for a picophytoplankton-predominant commu-
values of Chk content per picoeukaryotic cell (after exclud- nity, ecophysiologically adapted to oligotrophy.
ing the Synechococcusontribution) of~ 10 fg Chla cell~1 When nutrients are added to the system, net primary pro-
in the surface water layer of the Mediterranean sea (with aduction increases, and two distinct responses are found, de-
depth between 10 and 25 m), while in cultures, values havgending on phytoplankton cell size constraints. During the
been reported to vary between 50 and 150 fg Cloell~1 first dust addition, when the community is largely dominated
(Dimier et al., 2007, 2009a, b; Giovagnetti et al., 2010). In by picophytoplankton, and among them Cyanophyceae, the
situ studies dealing with photobiological properties of pi- increase in net primary production is not related to an en-
coeukaryotes revealed a strong capacity of these small cellsanced ETR, but probably to a more efficient use of the
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Fig. 8. Relationship betweetC isotopic measurement of net pri-
mary production J(3C PP; mg cm3d1) and relative electron
transport rate 4 ETRmax, kmole™ m—2s~1), during the first(a)
and the second dust additidin), and during the entire experiment
within the control mesocosn(s). The plotted data represent sam-
ples collected at-5 m depth.
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We can, thus, hypothesise that new nutrient inputs would act
primarily on carbon reduction reactions (at the level of the
Calvin Cycle), rather than on early photons harvesting and
excitation energy transfer within PSiII.

The stronger increase in nano- and microphytoplank-
ton biomass after the second than the first dust addition
seems instead to explain the significant correlation between
relETRmax and 13C PP found in the dataset concerning the
second dust addition. This result possibly suggests that, in a
community in which the abundance of large-sized cells be-
comes relevant, net and gross primary production increase
because of an enhanced PSII ETR, indicating the direct ef-
fect of nutrient limitation on cells capacity of light capture
and/or PSII excitation energy transfer.

We may, therefore, infer that the regulation of photo-
biological processes is differently influenced by nutrient
availability in both phytoplankton size classes, in agree-
ment with previous studies (Mei et al., 2009; Chen and Liu,
2010), recalling the metabolic theory of ecology (Brown et
al., 2004). Insofar, regulative physiological and biochemical
mechanisms, activated during nutrient limitation or repletion
regimes, would operate at two different levels of the photo-
synthetic process, in relation to phytoplankton cell-size de-
pendent energy-requirements of biomass synthesis.

Our results demonstrate that dust additions can relevantly
impact both the nutrient availability and phytoplankton com-
munity of this LNLC surface waters. Picophytoplankton are
the first group among the autotrophic organisms that re-
sponds to such dust additions, in terms of both ecophysi-
ological state of cells and community composition. On the
contrary, bigger-sized cells need a further nutrient supply to
adjust their physiology and compete for resource acquisition
and biomass increase. We can hypothesize that multiple dust
additions, occurring on a large area of the Mediterranean Sea
(Bergametti et al., 1989; Guieu et al., 2010a) might, thus, sig-
nificantly affect the functioning and productivity of Mediter-
ranean LNLC ecosystems.
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