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Abstract

In this study, we investigate the phytoplankton community response, with emphasis
on ecophysiology and succession, after two experimental additions of Saharan dust
in the surface layer of a low-nutrient low-chlorophyll ecosystem in the Mediterranean
Sea. Three mesocosms were amended with evapocondensed dust to simulate realis-5

tic Saharan dust events while three additional mesocosms were kept unamended and
served as controls. Experiments consisted in two consecutive dust additions and sam-
ples were daily collected at different depths (−0.1, −5 and −10 m) during one week,
starting before each addition occurred. Data concerning HPLC pigment analysis on two
size classes (<3 and >3 µm), electron transport rate (ETR) versus irradiance curves,10

non-photochemical fluorescence quenching (NPQ) and phytoplankton cell abundance
(measured by flow cytometry), are presented and discussed in this paper. Results show
that picophytoplankton mainly respond to the first dust addition, while the second addi-
tion leads to an increase of both pico- and nano-/microphytoplankton. Ecophysiological
changes in the phytoplankton community are revealed, and an increase in NPQ devel-15

opment, as well as in pigment concentration per cell, follows the dust additions. ETR
does not show large variations between dust-amended and control conditions, while
biomass increases in response to the dust additions. Furthermore, the biomass in-
crease observed during this mesocosm experiment allows us to attempt a quantitative
assessment and parameterization of the onset of a phytoplankton bloom in a nutrient-20

limited ecosystem.
These results are discussed focusing on the adaptation of picophytoplankton to such

a nutrient-limited mixed layer system, as well as on size-dependent competition ability
in phytoplankton.
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1 Introduction

Nutrient limitation is a general feature of the major part of pelagic ecosystems (olig-
otrophic areas), strongly affecting phytoplankton life dynamics, in term of biomass,
functional diversity, cell size dominance and taxonomic composition. Such types of
ecosystem are generally far from any coastal influence, and are usually characterized5

by high light at the surface layer and a deep euphotic zone (Dugdale and Goering,
1967; Kirk, 1994).

Low nutrient concentration and high light pressure largely influence phytoplankton
productivity and growth, selecting species that are adapted to thrive in such abiotic
conditions. For few decades, strong efforts have been devoted to the investigation of the10

deep chlorophyll maximum (DCM), an oceanographic phenomenon widespread in the
oligotrophic pelagic ecosystems, with several studies being focused on DCM formation
and maintenance, as well as the biological and ecological features of its phytoplankton
community (e.g. Cullen, 1982; Gould, 1987; Pérez et al., 2006).

Bio-oceanographers have often paid limited attention to the phytoplankton commu-15

nity growing in the surface layer (Marañón, 2005; Davey et al., 2008; Moore et al.,
2008), being usually characterized by a low biomass and production also related to
the dominance of small-sized cells (mainly prokaryotic species), decreasing its eco-
logical and biogeochemical relevance when compared to DCM or coastal ecosystems.
Indeed, during oceanographic cruises, the first ten metres of the pelagic water realm20

are scarcely sampled – in most cases water samples are taken at only one depth
within this portion of the water column – causing a paucity of data by which defin-
ing the biotic and abiotic properties of this system. However, since the direct contact
with the atmosphere, a feature that can strongly influence temperature, light and nu-
trient availability of the water mass, the surface layer of pelagic ecosystems might be25

sensibly affected by the ongoing climate change (Marinov et al., 2010). Due to the
important amount of biogeochemically relevant elements contained in the continental
crust (Wedepohl, 1995), the atmosphere is vehicle of a significant transport of many
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natural and anthropogenic micro- and macronutrients, from continents to the surface
of the oceans (Duce et al., 1991; Paerl et al., 1999). Moreover, the impact of such
atmospheric inputs of nutrients on the functioning and biological cycles of the aquatic
ecosystem becomes particularly strong when oligotrophic oceanic regions and semi-
enclosed basins (such as the Mediterranean Sea) are taken into account (Guerzoni5

et al., 1999; Ridame and Guieu, 2002).
Despite great interest has been dedicated upon the effect of atmospheric forcing (es-

pecially iron) on “high-nutrient low-chlorophyll” (HNLC) open ocean regions (e.g. Boyd
et al., 2007; Blain et al., 2008), several studies, based on microcosm experiments, have
been also performed to better understand the influence exerted by atmospheric inputs10

of nutrients on the functioning and productivity in “low-nutrient low-chlorophyll” (LNLC)
environments, either in the Atlantic Ocean (Blain et al., 2004; Mills et al., 2004; Moore
et al., 2008; Marañón et al., 2010), Pacific Ocean (Law et al., 2011), and Mediterranean
Sea (Pulido-Villena et al., 2008; Wagener et al., 2010).

The Mediterranean Sea might receive high rates of aeolian dust, of both natural (Sa-15

haran) and anthropogenic origin, over wide areas (e.g. Guerzoni et al., 1999; Ridame
and Guieu, 2002; Pulido-Villena et al., 2008). These atmospheric inputs probably rep-
resent the main source of external nutrients reaching offshore surface mixed layers
(Bartoli et al., 2005; Guieu et al., 2010a). In the western Mediterranean oligotrophic
areas, significant amounts of iron (Bonnet and Guieu, 2008) and phosphorus (Ridame20

and Guieu, 2002) can be delivered to the surface waters through Saharan dust pulses
(Bergametti et al., 1992; Guieu et al., 2002), and significant changes in the autotrophic
(and heterotrophic) community structure have been evidenced (Bonnet et al., 2005;
Pulido-Villena et al., 2008) in relation to Saharan dust additions.

In oligotrophic waters, the greatest part of the algal community is formed by tiny25

cells belonging to the size-class of picophytoplankton (<3 µm), which have peculiar
characteristics with respect to their ecology and biology (Raven, 1998; Raven et al.,
2005; Worden and Not, 2008; Finkel et al., 2010). The low sinking rate and package
effect, as well as the high diversity of photosynthetic pigments and efficient capacity
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of light utilization (Raven, 1998; Raven et al., 2005), represent some of the advanta-
geous hallmarks of picophytoplankton. Their cell size-related low diffusion boundary
layer and large surface area per unit volume explain the dominance of small phyto-
plankters in oligotrophic waters, since their greater capacity and efficiency in resources
(i.e. nutrients and light) acquisition/use for cell growth and maintenance, than bigger5

ones (Raven, 1998). The number of studies tackling the diversity and ecology of pico-
phytoplankton has been recently grown (Le Gall et al., 2008; Vaulot et al., 2008; Finkel
et al., 2010), together with the amount of works focused on the investigation of the
ecophysiology of picoeukaryotes (Dimier et al., 2007, 2009a, 2009b; Six et al., 2008,
2009; Giovagnetti et al., 2010, 2012).10

Among the picophytoplankton, oxygenic phototrophic marine cyanobacteria belong-
ing to the genera Synechococcus (Waterbury et al., 1979) and Prochlorococcus
(Chisholm et al., 1988, 1992) often appear to be dominant in oligotrophic waters, co-
occurring with changing relative proportions (Veldhuis and Kraay, 1990), since their
different types of adaptation to biogeochemical conditions (Partensky et al., 1999). In15

association with picoeukaryotes, both genera might be considered the major contribu-
tors of biomass and primary production in oligotrophic environments (Morel et al., 1993;
Partensky et al., 1999). Picophytoplankton relevant contribution to total phytoplankton
biomass and production is also well known in the Mediterranean Sea (Magazzù and
Decembri, 1995; Casotti et al., 2003; Brunet et al., 2006, 2008). Despite different stud-20

ies have recently revealed the high specific diversity and ubiquity of picoeukaryotes
(Moon-van der Staay et al., 2001; Dı́ez et al., 2001; Not et al., 2002, 2005), few in field
studies have performed pigment in fractionated samples coupled with flow cytometry
analysis, to deeply investigate the ecology of picoeukaryotes (Brunet et al., 2006, 2008;
Not et al., 2005).25

By applying a mesocosm approach in the framework of the DUNE project (a DUst
experiment in a low-Nutrient, low-chlorophyll Ecosystem; see Guieu et al., 2010b), this
study (DUNE-2) aimed at addressing the following specific questions: which is the size
class of phytoplankton better able to exploit the new nutrient resource coming from the
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dust additions, in terms of growth capacity and competition dynamics? Which chemo-
taxomic group(s) is (are) able to succeed competition? And lastly, are new nutrient
inputs affecting the ecophysiological properties of the phytoplankton community, and
how?

Mesocosm deployment provides a unique and powerful tool to study the response5

to chemical forcing (such as atmospheric deposition) of the phytoplankton community
over time, by preventing the horizontal advection and transport of the water mass, while
enabling to carefully investigate the temporal changes of the biological properties of
interest.

The mesocosm experiment DUNE-2 was conducted in the Elbo Bay, a coastal LNLC10

area of the Mediterranean Sea, within the Natural Preservation Area of Scandola, and
the approach consisted of two consecutive dust additions onto large clean mesocosms
(see the introductory paper by Guieu et al., 2012). In this paper, we report data from
daily sampling in six mesocosms concerning pigment content (HPLC and ChemTax
analysis) of two size classes (<3 and >3 µm), electron transport rate (ETR) versus ir-15

radiance (I) curves, non-photochemical fluorescence quenching (NPQ), phytoplankton
cell concentration through flow cytometry, together with nutrient analysis.

2 Materials and methods

2.1 Experimental design and sampling strategy

A dust deposition experiment onto large clean mesocosms was conducted in June–20

July 2010 in a coastal area of the Corsica island (NW Mediterranean Sea), the Elbo
Bay (Scandola Marine preservation area, 42◦ 37′ N, 8◦ 55′ E), which is representative
of typical marine oligotrophic conditions (Guieu et al., 2010b). Ecological properties of
the area at the time of sampling corresponded to the transition period between spring
and summer conditions, with low nutrient and low chlorophyll concentrations, coupled25

with the onset of the thermal stratification (Guieu et al., 2012).
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Two dust additions (duration seven days each, 26 June–2 July 2010, and 3–9 July
2010) were performed (all information and methodologies are reported in Guieu et al.,
2012). Three mesocosms (named DUST Mesocosms: DM1, DM2, and DM3) were
amended with 41.5 g of evapocondensed dust each, while three mesocosms, with no
addition of dust, were used as controls (CONTROL Mesocosms: CM1, CM2 and CM3).5

Moreover, a station, outside the mesocosms was used as control for eventual biases
due to the structure of the mesocosms (named “outside”). Samples were daily collected
at three depths (−0.1, −5 and −10 m), at the same hour of the morning, with the only
exception of the outside station, where sampling frequency was set to 48 h.

In this study we report data on photosynthetic parameters (retrieved from ETR-I10

curves) and NPQ (measured by Phyto-PAM fluorometer), photosynthetic and photo-
protective pigments (measured by HPLC analysis), and phytoplankton cell abundance
(measured by flow cytometry).

2.2 Pigment and ChemTax analysis

Soon after sampling, samples were kept in the dark while carried to the field laboratory,15

and for each one of them, three litres of seawater were filtered onto polycarbonate fil-
ters of 3 µm pore size (Merck Millipore, Darmstadt, Germany) and one litre of the filtrate
was then poured onto polycarbonate filters of 0.2 µm. Both filters were rapidly stored
in liquid nitrogen. In the laboratory (Stazione Zoologica Anton Dohrn, Naples), frozen
filters were mechanically grinded in 100 % methanol and the pigment extract was in-20

jected in a Hewlett Packard series 1100 HPLC (Hewlett-Packard, Kennett Square, PA,
USA) with a C8 BDS 3 µm Hypersil, IP column (Thermo Fisher Scientific, Waltham, MA,
USA). The procedure was the same as described in Dimier et al. (2009a). The mobile
phase was composed of two solvent mixtures: methanol, aqueous ammonium acetate
(70 : 30) and methanol. Pigments were detected spectrophotometrically at 440 nm us-25

ing a Hewlett Packard photodiode array detector model DAD series 1100. Fluorescent
pigments were detected in a Hewlett Packard standard FLD cell series 1100 with excita-
tion and emission wavelengths set at 407 nm and 665 nm, respectively. Determination
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and quantification of pigments was performed by using pigment standards from the
Danish Hydraulic Institute (DHI) Water & Environment (Hørsholm, Denmark).

The contribution of each phytoplankton group to total phytoplankton biomass (chloro-
phyll [Chl] a) was estimated by using the ChemTax program with input ratios slightly
modified from Rodriguez et al. (2006) and Not et al. (2007).5

2.3 Active Chl a fluorescence and photosynthetic efficiency measurements

Measurements of non-photochemical fluorescence quenching (NPQ) and electron
transport rate (ETR) versus irradiance (I) curves were performed daily on freshly col-
lected samples, with a Phyto-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Ger-
many).10

Since the low phytoplankton cell abundance in seawater, samples were concentrated
for PAM measurements. Fifty millilitres of seawater were gently filtered onto polycar-
bonate filters (Merck Millipore, Darmstadt, Germany) of 0.45 µm pore size. Filters were
then moistened and cells were immediately resuspended in five millilitres of filtered
seawater (<0.2 µm). All these operations were done under very low light condition.15

This procedure was successfully tested in laboratory on coastal mesotrophic samples
(Gulf of Naples, Mediterranean Sea) and on diatom cultures with different cell concen-
trations, before applying it to the field experiment, in order to check if the concentra-
tion procedure would have induced any stress, thus modifying the results. Since no
differences were obtained between concentrated and non-concentrated samples, we20

applied this method during the mesocosm experiment.
After fifteen minutes in dark, an aliquot of two millilitres was used for measurements

of ETR-I curves, and then another two millilitres aliquot to estimate NPQ.
NPQ was quantified by the Stern–Volmer expression:

NPQ = (Fm/Fm′)−1 (1)25

where Fm and Fm′ are the maximum fluorescence values from dark- and light-exposed
samples, respectively. Fm and Fm′ were measured after a saturating pulse of red light
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(2400 µmolphotonsm−2 s−1, lasting 450 ms), causing a complete reduction of the pho-
tosystem (PS) II acceptor pool.

ETR-I curves were determined applying 10 increasing irradiances (I , from 1 to
1500 µmolphotonsm−2 s−1 for 2 min each).

The relative electron transport rate (relETRmax, expressed in µmole−m−2 s−1) was5

calculated according to Hofstraat et al. (1994) and Schreiber et al. (1994):

relETRmax = (Fv′/Fm′) · I ·0.5 (2)

where, I is the incident irradiance (expressed in µmolphotonsm−2 s−1). A factor of 0.5
was applied to correct for the partitioning of photons between PSI and PSII, assuming
that excitation energy is evenly distributed between the two photosystems.10

ETR-I curves were fitted with the equation of Eilers and Peeters (Eilers and Peeters,
1988) to estimate the photosynthetic parameters relα

B, Ek and relETRmax.

2.4 Flow cytometry

For the enumeration of autotrophic prokaryotic and eukaryotic cells by flow cytometry,
subsamples (four millilitres) were fixed with formaldehyde (2 % final conc.), and incu-15

bated for 30 min at 4 ◦C, then quick-frozen in liquid nitrogen and stored at −80 ◦C until
analysis. Counts were performed on a FACS-Calibur flow cytometer (Becton Dickinson,
San Jose, CA, USA) equipped with a 488 nm wavelength, 15 mW Argon laser. Separa-
tion of different autotrophic populations was based on their scattering and fluorescence
signals according to Marie et al. (2000). Synechococcus spp. was discriminated by its20

strong orange fluorescence (585±21 nm), and pico- and nanoeukaryotes were dis-
criminated by their scatter signals of red fluorescence (>670 nm). The coefficient of
variation is generally <5 % (Agogué et al., 2004).
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2.5 Statistical analysis

Student’s t-test and multiple regressions conducted on the entire data set between the
measured Chl a concentration in the two size classes and the Chl a concentration
of the specific groups (ChemTax analysis), as well as between cellular abundances
(flow cytometry) and Chl a-group specific abundance values (ChemTax analysis), were5

performed by using the program Statistica (StatSoft, OK, USA).
The integration of the data sets concerning pigments (>3 µm) and nanophytoplank-

ton cellular abundance (flow cytometry) was performed based on the assumption of
a very low microphytoplanktonic biomass (so their negligible contribution to total Chl a)
in relation with the severe oligotrophic field conditions, and in agreement with the very10

low biomass of large-sized Bacillariophyceae (ChemTax analysis; see result section).

3 Results

3.1 Evolution of the abiotic conditions during the experiment

During the entire experiment, light was high, reaching peaks of
∼900 µmolphotonsm−2 s−1 at the subsurface (see data in Guieu et al., 2012).15

Air and seawater temperature increased over the experiment time, leading to the
switch from a homogeneous to a stratified water mass structure (Guieu et al., 2012).

Before the first dust addition was performed, the initial concentration of nutrients was
undetectable (nitrate and nitrite) or low (phosphate), while the concentration of nitrate
(Ridame et al., 2012) and phosphate (Pulido-Villena et al., 2012) increased soon after20

the dust additions. The concentration of the dissolved iron was quite high possibly due
to iron inputs related to particle runoff of surrounding lands, and decreased after the first
dust addition (especially in the DUST Mesocosms), while significantly increasing after
the second addition in the DUST Mesocosms and remaining stable in the CONTROL
ones (Wuttig et al., 2012).25
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By contrast, the concentration of silica was higher than the other macronutrients and
remained quite stable after the dust additions (Guieu et al., 2012).

3.2 Phytoplankton biomass and community diversity

Once verified that no significant difference occurred between mesocosm triplicates
both for DUST and CONTROL conditions (p > 0.05, n = 112), mean data of the three5

mesocosms-replicates are presented.
In DUST Mesocosms (hereafter called DM), the first dust addition induced a pico-

phytoplankton biomass increase (Chl a<3; Fig. 1a), from ∼0.03 to ∼0.06 µgChla<3 L−1,
all over the three depths, reaching a maximal value of 0.056±0.018 µgChla<3 L−1 at
the surface, five days after the first dust addition (Fig. 1a). In CONTROL Mesocosms10

(hereafter called CM), the Chl a<3 concentration was clearly lower than in DM, ranging
from ∼0.02 to ∼0.03 µgChla<3 L−1 (Fig. 1b). The response of the nano- and micro-
phytoplanktonic component (Chl a>3) to the first dust addition was less strong than the
picophytoplanktonic one, with Chl a>3 concentration slightly increasing from ∼0.014 to
∼0.020 µgChla>3 L−1 (Fig. 1c).15

After the second dust addition, the increase of Chl a<3 biomass was strong (reach-
ing 0.083±0.011 µgChla<3 L−1), mainly at the surface, while decreasing with depth
(Fig. 1a) probably as a result of thermal stratification. The increase in Chl a>3 concen-
tration was much more enhanced during the second dust addition (i.e. the day after the
second dust addition) relative to the first one, all over the depth gradient, but especially20

at the surface (reaching 0.046±0.002 µgChla>3 L−1; Fig. 1c).
The seasonal transition period, revealed by changes in temperature properties of the

water mass from the middle of the experiment (2 July), might explain the increase in
biomass found in CM both for Chl a<3 and Chl a>3 concentrations (Fig. 1b, d). Temper-
ature effect on growth rate of phytoplankton is well-known (see Chen and Liu, 2010,25

and references therein).
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It can be highlighted that the delay of the nano- and microphytoplankton response
relative to the picophytoplankton one, in relation to the variations of the water mass
temperature (CM), agrees with the similar delay found after the dust additions (DM).

Picophytoplankton accounted for ∼70 % of total phytoplankton biomass, in both DM
and CM, remaining almost stable during the entire experiment, while decreasing to5

∼60 % after the second dust addition, only in DM (Fig. 1e, f).
Concerning the contribution of phytoplankton groups on the two size classes, we

performed multiple regressions on the entire data set (i.e. samples taken soon before
and after each dust addition) between the measured Chl a concentration of the two size
classes and the Chl a concentration of the specific groups (retrieved from ChemTax10

analysis):

Chl a<3 = 0.04Prasinophyceae +0.107Dinophyceae +0.535Haptophyceae +0.270Pelagophyceae

+0.566Cyanophyceae +0.058Bacillariophyceae (3)

Chl a>3 = 0.007Prasinophyceae +0.228Dinophyceae +0.310Haptophyceae +0.406Chlorophyceae

+0.077Cyanophyceae +0.233Bacillariophyceae (4)15

Picophytoplanktonic diversity (in terms of Chl a<3 concentration) was mainly dominated
by Cyanophyceae, Haptophyceae and Pelagophyceae (n = 113, R2 = 0.99, p < 0.001),
while Chlorophyceae, Haptophyceae, Bacillariophyceae and Dinophyceae, were the
dominant groups for the nano- and microphytoplanktonic component (n = 114, R2 =20

0.99, p < 0.001).
Haptophyceae, Cyanophyceae and Pelagophyceae were the most represented pi-

coplanktonic taxonomic groups, all responding to the dust additions (Fig. 2). Even if less
abundant, Prasinophyceae, Dinophyceae and Bacillariophyceae were also present
(data not shown).25

Before the first dust addition, Haptophyceae were the main contributor to the
Chl a<3concentration, with an initial Chl a<3concentration of ∼0.014 µgChla<3 L−1

(Fig. 2a, b). The biomass of this group increased (up to 0.028±0.003 µgChla<3 L−1;
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Fig. 2a) five days after the first dust addition, while it quickly responded to the
second addition, reaching 0.039±0.005 µgChla<3 L−1. In CM, the biomass values
of Haptophyceae were lower than the DM ones, ranging between ∼0.006 and
∼0.020 µgChla<3 L−1 (Fig. 2b).

The initial Chl a<3 concentration of Cyanophyceae (0.010±0.004 µgChla<3 L−1) in-5

creased at the surface in response to the first (0.020±0.004 µgChla<3 L−1) and sec-
ond dust addition (0.024±0.008 µgChla<3 L−1; Fig. 2c). An increase in the biomass of
Cyanophyceae can be noticed at the end of the experiment (∼0.030 µgChla<3 L−1;
Fig. 2c). In CM, the biomass of Cyanophyceae ranged between ∼0.003 and
∼0.012 µgChla<3 L−1, with no peculiar trend over time (Fig. 2d).10

The initial Chl a<3 concentration of Pelagophyceae was ∼0.008 µgChla<3 L−1

(Fig. 2e, f) and it increased especially at the surface, after the first
(0.015±0.003 µgChla<3 L−1) and second dust addition (0.016±0.002 µgChla<3 L−1;
Fig. 2e). In CM, the biomass of Pelagophyceae ranged between ∼0.004 and
∼0.012 µgChla<3 L−1, without any peculiar trend over time and depth gradients15

(Fig. 2f).
Haptophyceae, Chlorophyceae and Bacillariophyceae accounted for the large ma-

jority of the nano- and microphytoplankton biomass. Other nano- and microphyto-
planktonic groups (e.g. Prasinophyceae, Dinophyceae) were also found, but with lower
biomass (data not shown).20

The biomass of nano- and micro-Haptophyceae (Chl a>3 concentration) mainly
increased after the second dust addition (from ∼0.008 to ∼0.015 µgChla>3 L−1),
whereas only slightly increasing after the first addition (Fig. 3a). In CM, the biomass
of Haptophyceae was lower than in DM, and relatively stable over time and depth gra-
dients (Fig. 3b), with the only exception at the end of the experiment, since the slight25

biomass increase concomitant to the water column thermal stratification.
The biomass of Bacillariophyceae was very low and it slightly increased after the

first dust addition from ∼0.0009 to ∼0.0020 µgChla>3 L−1, whereas their greatest
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increase was found five-six days after the second addition, especially below 5 m
(0.0092±0.004 µgChla>3 L−1; Fig. 3c). In CM, the biomass of Bacillariophyceae was
low and followed the same increasing trend as described previously for the biomass of
Haptophyceae (Fig. 3d).

Chlorophyceae were only present in DM (Fig. 3e), underlining a very strong nutri-5

ent limitation for their growth in the control conditions and their possible opportunistic
strategy in response to nutrient supply (Fig. 3f). Their Chl a>3 concentration doubled
mainly at the surface (from ∼0.007 to ∼0.013 µgChla>3 L−1) just after the second dust
addition took place (Fig. 3e).

3.3 Phytoplankton abundances by flow cytometry measurements10

Synechococcus was the dominant picophytoplankton in terms of cellular abundance.
In DM, Synechococcus cellular abundance remained almost stable (∼20 000 cellmL−1)
after the first dust addition, while it strongly increased after the second addition, reach-
ing a value of 41 806±3965 cellmL−1, at the end of the experiment (Fig. 4a). It can
be noticed that the maximal Synechococcus cellular abundance was found below the15

5 m depth. In CM, Synechococcus cellular abundance was lower than in DM (Fig. 4b),
increasing from the middle of the experiment, as the Chl a<3 concentration did.

Prochlorococcus cellular abundance was very low, ranging between ∼500 and
∼2500 cellmL−1, confirming the lack of detection of divinyl-chlorophyll a pigment by
HPLC analysis. No significant changes occurred in relation to the dust additions (data20

not shown).
Picoeukaryotes represented the least abundant picophytoplanktonic component,

with a cellular abundance ranging between ∼70 and ∼470 cellmL−1 (Fig. 4c, d), with-
out being particularly affected by the dust additions.

The cellular abundance of nanophytoplankton increased soon after the second dust25

addition from ∼500 to ∼950 cellmL−1, especially at the surface, reaching a maximal
value of 1351±306 cellmL−1 on the last day of the experiment (Fig. 4e). In CM, the
nanophytoplankton cellular abundance was low (Fig. 4f) and increased over the three
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depths (from ∼300 to ∼600 cellmL−1; Fig. 4f), starting from the middle of the experi-
ment.

Multiple regressions were performed on the complete data set (i.e. samples taken
soon before and after each dust addition) between cellular abundance and Chl a-group
specific concentration values. For the picophytoplankton community, none of the tested5

multiple regressions was significant, probably suggesting a huge diversity in pigment
content of the distinct groups alternating during the experiment.

For the nanophytoplankton community, the obtained result is presented in Eq. (5)
(n = 112, R2 = 0.52, p < 0.001):

NanoCell Abundance = 0.322Dinophyceae +0.349Haptophyceae +0.203Chlorophyceae10

+0.267Bacillariophyceae (5)

The highest pigment contribution to cellular abundance was due to Haptophyceae,
followed by Dinophyceae, Bacillariophyceae and lastly Chlorophyceae, a finding that
might highlight the distinct Chl a cellular content among these groups, in relation to15

their different cell size.
By reporting pigment data per cellular abundance data, we are able to describe some

specific physiological changes concerning the phytoplanktonic community.
The ratio between zeaxanthin (Zeax) and Synechococcus cellular abundance in-

creased after the first dust addition (from ∼0.5 to ∼1.3 fgZeax cell−1), and after the20

second addition only at the surface (from ∼0.6 to ∼1 fgZeax cell−1, Fig. 5a). In CM,
this ratio was lower than 0.7 fgZeax cell−1 (Fig. 5b).

An almost two-fold increase in Chl a<3 concentration per picophytoplankton cell (from
∼1.5 to ∼3 fgChla<3 cell−1) rapidly occurred after the first dust addition, mainly at the
surface, suggesting a very fast physiological response of picophytoplankton to the input25

of new nutrients (Fig. 5c). This response lasted for some days before decreasing, and
increased again after the second dust addition (∼3 fgChla<3 cell−1). In CM, the Chl a<3

concentration per picophytoplankton cell was lower than 2.0 fgChla<3 cell−1 (Fig. 5d).
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Comparing with other studies (e.g. Brunet et al., 2006, 2008; Dimier et al., 2009a, b),
the Chl a content per picophytoplankton cell was quite low, a result that might reflect
the high contribution of Synechococcus cells in such community, in relation to the lower
Chl a cellular content of Synechococcus relative to picoeukaryotes, as well as to the
high light acclimation of cells inhabiting the surface water layer.5

The ratio between Chl a>3 concentration and the nanophytoplankton cellular abun-
dance ranged from ∼20 fgChla>3 cell−1 to a maximal value of 60±10 fgChla>3 cell−1

(Fig. 5e), quickly increasing the day after each dust addition (∼40 fgChla>3 cell−1, and
∼48 fgChla>3 cell−1, after the first and second dust addition, respectively; Fig. 5e). In
CM, the Chl a>3 cell−1 remained low, ranging between ∼13 and ∼28 fgChla>3 cell−1

10

(Fig. 5f).

3.4 Photosynthetic parameters and photoprotective responses

One of the most intriguing obtained results was the absence of response of the PAM-
estimated photosynthetic parameters to the dust additions, relative to the control con-
dition. The photosynthetic parameters, the relative electron transport rate (relETRmax),15

the quantum yield of electron transport (relα
B) and the light saturation index (Ek), re-

mained almost stable over time, and similar values were measured among dust and
control mesocosms (Fig. 6). These results contrast with those of the primary produc-
tion through isotopic (13C) measurements (13C PP; data available only at 5 m depth,
Ridame et al., 2012). This result might be explained by the fact that a gross (relETRmax)20

and a net primary production measurement (13C PP) are compared. By plotting to-
gether these two parameters, some insights on the different net production capacity
and photosynthetic process regulation of the two phytoplankton size classes are gained
(Fig. 7).

The two parameters relETRmax and 13C PP were not significantly correlated by pool-25

ing together all the data of control and dust mesocosms, or all the data only com-
ing from dust mesocosms (data not shown). By separating the two dust additions, no
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significant correlation was found in the block of the data set of the first dust addition
(Fig. 7a), whereas relETRmax and 13C PP were significantly correlated when only the
block of the data set of the second dust addition was analyzed (R2 = 0.26, p < 0.05;
Fig. 7b). Interestingly, a significant correlation was also found between the data of

relETRmax and 13C PP measured in control mesocosms (R2 = 0.30, p < 0.01; Fig. 7c).5

Therefore, in undisturbed conditions (i.e. the stable oligotrophy of the studied area),
picophytoplankton, which represent the main contributor to total Chl a biomass, seem
to be strongly adapted (at the physiological level) to the abiotic conditions of such
ecosystem, as revealed by the significant agreement between gross and net primary
production evolution.10

Physiological changes induced by new nutrient inputs were also appreciated at the
photophysiological level. Pigments belonging to the diadinoxanthin (Dd) xanthophyll cy-
cle responded to dust additions in both size classes, being slightly higher than the more
stable values of control conditions, with the photoprotective pigment, diatoxanthin, of-
ten at the limit of the HPLC detection level, since the size-fractionation of samples for15

pigment analysis (data not shown).
An increase in non-photochemical fluorescence quenching (NPQ) occurred after the

first dust addition, from a very low initial value of ∼0.006 to ∼0.28 (Fig. 8a). After the
second dust addition, the NPQ development still increased, to a value of ∼0.48 at the
surface, probably in relation to the higher contribution of the nano- and microphyto-20

planktonic component to the community, than after the first addition (Fig. 8a). In CM,
NPQ was lower than in DM (Fig. 8b), and increased at the end of the experiment, in
relation with the slight nano- and microphytoplankton biomass augment.

3.5 Phytoplankton (biomass) increase versus nutrient conditions

In this section, we describe and try to identify, which are the main factors allowing25

the phytoplankton growth after the first and the second dust addition. To address such
question, we present the daily variations calculated on mean values of the data mea-
sured at 0.1 and 5 m depths, being these two depths homogeneous, contrarily to the
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deepest one (i.e. 10 m), that was quite different than the two other sampling depths
after the second dust addition.

To perform such analysis, we assume that the impact of grazing or cell death might
be considered negligible, during the three days that we selected. The selection of these
specific days was based on the phytoplankton biomass increase occurring just after the5

dust additions.
The increase in Chl a concentration per day (µgChlaL−1 d−1) for the two phytoplank-

ton size classes and the relative decrease in nutrient concentration (µgnutrientL−1 d−1),
two and three days after the first dust addition, are reported in Table 1. Two days af-
ter the first dust addition, i.e. after one lag day, only the picophytoplankton was able10

to increase their Chl a biomass, mainly with an increase in Cyanophyceae (∼77 %)
and Haptophyceae (∼23 %). Differently, three days after the first dust addition, an in-
crease in the nano- and microphytoplankton biomass was found (Table 1). Comparing
the biomass and nutrient variations two and three days after the dust addition, in order
to reach the same daily biomass augment, the nano- and microphytoplankton would15

need similar [NO−
3 ] and [PO3−

4 ], but almost two-fold lower [SiO2], and four-fold higher
[DFe], than the picophytoplankton. A similar [NO−

3 ] need for the two size classes of
phytoplankton was quite unexpected. We can hypothesize that the nano- and micro-
phytoplankton underwent nitrogen limitation when they began to respond to the first
dust addition, since the available nitrate concentration was very low (∼0.50 µM, i.e.20

almost four-fold lower than the value measured at the surface soon after the first dust
addition; see Ridame et al., 2012).

The increase in Chl a concentration per day for the two size classes and the
relative decrease in nutrients, one day after the second dust addition, are re-
ported in Table 1. In this case, the response of the phytoplanktonic community was25

much stronger than the one after the first addition, with an almost three-fold higher
Chl aTot increase (0.0271 µgChlaTot L

−1 d−1; Table 1), relative to the first addition
(0.0091 µgChlaTot L

−1 d−1). During the second dust addition, a 48 % contribution to to-
tal biomass increase was due to nano- and microphytoplankton (Table 1), i.e. a greater
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contribution relative to their percentage after the first dust addition (35 %; data not
shown), consistently with the greater use of [NO−

3 ] and [PO3−
4 ] (Table 1), which agrees

with the nutrient repletion of the day after the dust deposition. The nano- and mi-
crophytoplankton biomass increase was mainly due to Haptophyceae and Chloro-
phyceae, whereas the increase in picophytoplankton biomass mainly to Haptophyceae5

and Cyanophyceae (Table 1).

4 Discussion

4.1 Changes in the structure and composition of the phytoplankton community
in response to dust additions

In pelagic ecosystems, the fluctuations in nutrient availability act at the level of numer-10

ous biological and ecological processes, and occur at different temporal and spatial
scales, affecting intracellular biochemical properties and photosynthesis changes (Kol-
ber et al., 1988; Davies and Grossman, 1998; Mock and Kroon, 2002), and relevantly
controlling the phytoplankton community structure (Eppley and Peterson, 1979). The in-
duced variations in such communities concern taxonomic, size and functional diversity,15

resulting in competition or coexistence of multiple species (Hutchinson, 1961; Tilman
et al., 1982). Functional changes commonly regard changes in the phytoplankton cell
size structure (and thus their elemental composition; Finkel et al., 2010), and the al-
ternation of distinct functional groups diversified by peculiar biogeochemical properties
(Iglesias-Rodriguez et al., 2002), also associated to the capacity of nitrogen-fixation20

(Le Quéré et al., 2005; Agawin et al., 2007) or diatom/cyanobacterial association (Car-
penter et al., 1999), or even mixotrophy (Raven, 1997).

This cascade of biotic responses, spreading over large spatial and temporal
scales, varies the abiotic properties and biodiversity of the ecosystem, with the eco-
physiological characteristics of the successful species determining both the quality25
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(elemental and biochemical composition) and quantity of primary production trans-
ferred up to the marine food web (Finkel et al., 2010 and references therein).

The aim of this work was to investigate how atmospheric new nutrient supplies
would affect the growth capacity of the phytoplankton community of the surface layer
in a LNLC area of the Mediterranean Sea, by coupling the study of functional features,5

as cell size or photobiological properties, with a size-dependent chemotaxonomic ap-
proach, through ChemTax pigment analysis (Rodriguez et al., 2006; Not et al., 2007).
The dependency on micro-algal cell size of the ecosystem structure and functioning
is well known and the contribution of the HPLC pigment determination on fractionated
samples is relevant in providing size-related taxonomical information (e.g. Brunet and10

Lizon, 2003; Brunet et al., 2006, 2007). The approach used in this paper parallels
flow cytometry with HPLC pigment measurements on fractionated samples to obtain
deeper insights of cell size-related phytoplankton dynamics. Specifically, we investi-
gated how the physiological state of a natural phytoplanktonic community, adapted to
a high light climate (surface layer) and nutrient paucity (oligotrophic coastal system),15

would be modified by a sudden increase in nutrient availability.
The phytoplankton community responds to the two dust additions with distinct dy-

namics of structure and composition changes, linked to cell size constrains. Picophy-
toplankton respond to the first input of nutrients, while nano- and microphytoplankton
response is mainly relevant soon after the second one. The rapid response of picophy-20

toplankton fits their dominance and ability to out-compete bigger cells in oligotrophic
conditions (as the case of the studied ecosystem) in relation to their greater capacity
of physiological adaptation to extreme abiotic conditions (i.e. the nutrient-limitation and
the high light pressure of the surface layer), relative to larger cell-sized phytoplankters
(Raven, 1998; Raven et al., 2005). Because of a number of ecological and morpholog-25

ical peculiarities (e.g. the low surface area per unit volume and sinking rate), picophy-
toplankton are more effective in the acquisition and use of resources (i.e. photons and
nutrients), determining their higher rates of cell division and physiological processes
efficiency in low-resource habitats, when compared to bigger organisms.
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Our results show how this phytoplankton community is able to quickly and strongly
respond to sudden new nutrient inputs, with Cyanophyceae and, to a lesser extent Hap-
tophyceae, as the major players. This feature highlights the opportunistic behaviour of
these groups under low-nutrient, low-chlorophyll and high light conditions, driven by
allochthonous energy inputs. This first response does not induce any change in the5

community structure, being only a further increase of the already dominant picophyto-
plankton biomass, even if it leads to an enhancement of their contribution. In contrast,
the larger cell-sized phytoplankton need three days to be able of a biomass increase,
which is a quite long lag time that relates to the low biomass of nano- and microphyto-
plankton at the beginning of the experiment, possibly linked to the unhealthy physiolog-10

ical state of larger cells and competitive disadvantage relative to smaller ones. Nutrient
concentration data show that nano- and microphytoplankton increase is strongly lim-
ited by the low concentration of nutrients present at the sea surface layer, after the
picophytoplankton bloom in response to the first dust addition. A biomass increase of
large cell size Haptophyceae and Chlorophyceae, even if slightly lower than the pico-15

phytoplankton biomass increase, relies upon the second pulse of nutrients, a response
that causes a relevant enhancement of nano- and microphytoplankton biomass, con-
tributing to ∼50 % of the total biomass. These results highlight that, in few days, the
second dust addition caused relevant modifications in the ecological properties and
trophic state of the first ten metres of the water column, with the chemical conditions20

of an oligotrophic system possibly switching into mesotrophic ones. Unfortunately, our
experimental setup prevented us a meticulous investigation on the consequences of
such changes in the phytoplankton community composition, by deepening the trophic
web interactions.

In response to the second dust addition, the increase in greater cell size community25

biomass is not exclusive, and picophytoplankton are also able to grow, with preva-
lent contributions of Haptophyceae, Cyanophyceae and Pelagophyceae. The stronger
increase in biomass of both phytoplanktonic size classes is related to the higher nu-
trient concentration in the water mass available after the second dust addition, than
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after the first one (please refer to Pulido-Villena et al., Ridame et al., Wuttig et al. and
Guieu et al., 2012). This increase in total biomass needs all the available nutrients
and exploits much higher concentrations of the two major macronutrients, i.e. ni-
trate (−168.65 µgNO−

3 L−1 d−1) and phosphate (−7.7 µgPO3−
4 L−1 d−1), relative to the

biomass increase occurring after the first dust addition (Table 1), while the dissolved5

inorganic phosphate is also partially depleted by bacterial assimilation (Pulido-Villena
et al., 2012). The estimated N/P ratio used for phytoplankton growth is ∼22, i.e. rela-
tively close to the Redfield ratio value.

During the first dust addition, a similar nitrogen ([NO−
3 ]+ [NO−

2 ])/phosphate ([PO3−
4 ])

ratio characterizes both the picophytoplankton (84.3, increase of the second day) and10

the nano- and microphytoplankton nutrient assimilation (92, increase of the third day).
We strongly believe that this result is due to nitrate limitation of the nano- and mi-
croplanktonic community, after the particularly long lag time for their growth response.

A striking result is that, among the >3 µm size class, the response of Chlorophyceae
importantly contributes to the biomass amount, despite being undetectable before the15

second dust addition took place or in control mesocosms. This finding could be ex-
plained by the high nutrient concentration-requirement of this class for growing. This is
in agreement with the fact that the Chlorophyceae, at least for the picophytoplankton
size class, are mainly found in DCM layers of oligotrophic ecosystems (Brunet et al.,
2006, 2007). The hypothesis of their presence in the DCM was mainly related to their20

pigmentation, and notably the presence of Chl b, a pigment particularly suited to exploit
the prevalently dim blue-light climate of such depths (Bidigare and Marra, 1990; Brunet
et al., 2006). Thus, by comparing this study with the previous works (Brunet et al., 2006,
2007), we can assume that, in the case of the nano- or microphytoplanktonic cell size,
the DCM low light climate is not the main trigger regulating the presence of Chloro-25

phyceae, but rather their need of a nutrient concentration sufficiently high to grow. The
presence of the pigment prasinoxanthin together with Chl b (data not shown) indicates
that a portion of the Chl b-containing species is related to the prasinoxanthin-containing
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class Prasinophyceae, as already described within the water layer above 70 m depth
in the Mediterranean Sea during summer (Brunet et al., 2006).

4.2 Effects of the dust additions on the physiological state of the phytoplankton
community

Concomitant to changes in the composition and structure of the phytoplankton commu-5

nity, the physiological state of the community evolves, as shown by the increase of the
pigment content per cell in picophytoplankton, a response that was also previously re-
ported in LNLC region surface layers of the Atlantic Ocean (Davey et al., 2008; Moore
et al., 2008).

By taking advantage of the absent detection of Prochlorococcus, the combina-10

tion of HPLC-fractionated pigment and flow cytometry data allows us to estimate
that the zeaxanthin (Zeax) content per Synechococcus cell ranged between 0.3 and
1.5 fgZeax cell−1, which is a lower range of values than the one reported by other stud-
ies (Kana et al., 1988; Morel et al., 1993; Moore et al., 1995). In these studies, the pig-
ment content was obtained from laboratory-cultured species, i.e. under nutrient-replete15

conditions, and optimal temperature and light, which are all factors significantly affect-
ing the pigment content of phytoplankton cells. Moreover, the data obtained in our work
refer to samples collected in the upper water layer (from 0.1 to 10 m depth) and during
summer, thus representative of a phytoplankton community undergoing quite extreme
regimes of high light and oligotrophy. Indeed, our results show that increasing the con-20

centration of nutrients in the water mass causes a rapid enhancement of the pigment
content per cell, reflecting nutrient-dependent processes within the photosystems of
Synechococcus cells, experiencing a healthy physiological state.

The chlorophyll (Chl) a content per picophytoplanktonic cell ranges from 1.5 to
3.4 fgChla<3 cell−1, increasing with the new nutrient inputs, as cellular physiological25

responses and/or species succession occur. Indeed, the contribution of Synechococ-
cus is very high at the beginning of the experiment – explaining the low Chl a content
per picophytoplankton cell – while the contribution of picoeukaryotic Chl a biomass
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of Haptophyceae and Pelagophyceae increases during the entire experiment. Brunet
et al. (2006) have previously estimated values of Chl a content per picoeukaryotic cell
(after excluding the Synechococcus contribution) of ∼10 fgChlacell−1 in the surface
water layer of the Mediterranean sea (with a depth between 10 and 25 m), while in
cultures, values have been reported to vary between 50 and 150 fgChlacell−1 (Dimier5

et al., 2007, 2009a, b; Giovagnetti et al., 2010). It should be highlighted that in situ stud-
ies (e.g. Brunet et al., 2006) dealing with photobiological properties of picoeukaryotes
revealed a strong capacity of these small cells to modify their Chl a content in relation
to the light climate, i.e. depth of the water mass, due to both species succession and
physiological acclimation.10

Concerning the nano- and microphytoplankton community, we report Chl a cellu-
lar content values ranging between 20 and 60 fgChlacell−1. As found for the pico-
phytoplankton community, the values of nano- and microphytoplankton Chl a cellular
content are lower than the ones measured in laboratory cultures (Stolte et al., 2000),
even under high light stress (LaRoche et al., 1991), possibly underlining the effect that15

nutrient-replete conditions might have on modifying the cellular pigment content in phy-
toplankton.

At the photophysiological level, a rapid photoprotective response (i.e. the develop-
ment of non-photochemical fluorescence quenching; NPQ) is found soon after the first
dust addition and remains quite high during few days, before decreasing due to nutri-20

ent concentration lowering. Several photophysiological mechanisms, either fast regu-
lative (e.g. NPQ) or longer-term acclimative responses, adopted by algae to cope with
high light or repair photodamage, involve the synthesis or modification of molecules
(e.g. pigments or proteins) that requires energetic nutrient costs (e.g. Six et al., 2008;
Raven, 2011).25

The highest value of NPQ developed in response to the second dust addition might
be due to the higher nutrient concentration reached at the surface and to the conse-
quent higher contribution of nano- and micro-phytoplanktonic species, that might have
a greater capacity to enhance NPQ than smaller ones (as the case of diatoms for
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instance; Brunet et al., 2011), after the second rather than the first dust addition. This
finding might also be due to the overall decrease in Cyanophyceae contribution after
the second dust addition, and to the fact that this group is not able to develop a strong
NPQ relative to eukaryotic species (Brunet et al., 2011 and references therein), also
in function of their high light adaptation, as they tend to occupy the surface water layer5

of oligotrophic areas, as also described in the Mediterranean Sea (Brunet et al., 2006,
2007).

Modifications of the physiological state of the phytoplankton community are further-
more underlined by comparing the maximal relative electron transport rate (relETRmax)
with the net primary production (13C PP, see Ridame et al., 2012).10

In control conditions, data of relETRmax and 13C PP are significantly correlated,
meaning that gross and net primary productions are related together, as expected for
an optimal state of cell physiological adaptation to the abiotic environmental conditions.
This result reveals the good fitness between ecophysiological requirements of the phy-
toplankton community – mainly constituted by picophytoplankton – and the surrounding15

ecosystem.
When nutrients are added to the system, the net primary production increases, and

two distinct responses can be found, depending on phytoplankton cell size constrains.
During the first dust addition, when the community is largely dominated by picophyto-
plankton, and among them Cyanophyceae, the net primary production increase is not20

related to an enhanced ETR within the photosystem (PS) II, but probably to a more
efficient use of the products synthesized during the photosynthetic reactions (e.g. by
the decreasing the photorespiration rate). In this case, the increase in primary produc-
tion of picophytoplankton, i.e. the greater uptake of nutrients mainly by Haptophyceae
and Cyanophyceae, is not due to an increase in the flux of electrons within the PSII,25

but probably to a more efficient regulative strategy to produce biomass. We can thus
hypothesize that the new nutrient inputs would act primarily on carbon reduction re-
actions (at the level of the Calvin Cycle), rather than on early photon harvesting and
excitation energy transfer within the PSII.
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In contrast, the stronger increase in nano- and microphytoplankton biomass after
the second than the first dust addition might be the reason why relETRmax and 13C
PP are significantly correlated. This result might suggest that, in a community in which
the abundance of large-sized cells becomes relevant, the observed increase in both
net and gross primary production is driven by a PSII ETR enhancement, indicating the5

direct effect of nutrient limitation on the light-harvesting capacity and/or the excitation
energy transfer within PSII.

We may therefore infer that the regulation of photobiological processes is distinctively
affected by nutrient availability in both phytoplanktonic size classes, in agreement with
previous studies (Mei et al., 2009; Chen and Liu, 2010) that recall the metabolic the-10

ory 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 photosynthetic process, in relation to phytoplankton cell-size
dependent energy-requirements of biomass synthesis.

Our results demonstrate that dust additions are a relevant source of abiotic and15

biotic energy in the upper mixed layer, causing significant changes in the phytoplankton
community over time. Picophytoplankton are the first group responding to such dust
additions, in terms of both ecophysiological state of cells and community composition.
On the contrary, bigger-sized cells need a further nutrient supply for being able to
adjust their physiology and compete for resource acquisition and biomass increase.20

Because such changes might significantly affect the functioning and productivity of
LNLC ecosystems, we can hypothesize that multiple dust additions, quantitatively and
qualitatively comparable to the ones performed during this experiment, and occurring
on a large area of the Mediterranean Sea (Bergametti et al., 1989; Guieu et al., 2010a),
might cause an increase in the regional budget of the exported carbon, eventually25

influencing the functioning of the Mediterranean pelagic ecosystem.
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Table 1. Daily variation of total and fractionated chlorophyll (Chl) a concentration
(µgChlaL−1 d−1), dominant phytoplanktonic groups (µgChlaL−1 d−1), and nutrients concentra-
tion (µgnutrientL−1 d−1), two (47 h) and three days (71 h) after the first dust addition, and the
day (191 h) after the second dust addition. ∆ [Chl aTot], variation of total chlorophyll a concentra-
tion; ∆ Chl a<3, variation of picophytoplankton chlorophyll a concentration; ∆ [Chl a>3], variation
of nano-/microphytoplankton chlorophyll a concentration. Daily variations have been calculated
on mean values of the data measured at 0.1 and 5 m depths. Chloro, Chlorophyceae; Cyano,
Cyanophyceae; Dino, Dinophyceae; Hapto, Haptophyceae; Pelago, Pelagophyceae. NO−

3 , ni-

trate; NO−
2 , nitrite; PO3−

4 , phosphate; SiO2, silicon dioxide; DFe, dissolved iron.

Time ∆[Chl aTot] ∆[Chl a<3] ∆[Chl a>3] NO−
3 PO3−

4 NO−
2 SiO2 DFe

First seeding

47 0.0077 0.0077
Hapto<3
(23 %)
Cyano<3
(77 %)

0.000 −38.1 −0.46 −0.67 −12.3 −0.035

71 −0.0058 −0.0085 0.0027
Dino>3
(55 %)
Hapto>3
(45 %)

−15.5 −0.17 −0.14 −2.31 −0.042

Second seeding

191 0.027 0.0157
Hapto<3
(51 %)
Cyano<3
(36 %)
Pelago<3
(13 %)

0.0114
Hapto>3
(47 %)
Chloro>3
(42 %)
Dino>3
(11 %)

−168.6 −7.7 −0.85 −1.50 −0.007
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Fig. 1. 1030	  

 1031	  

 1032	  

1033	  

Fig. 1. Evolution of picophytoplankton mean chlorophyll (Chl) a<3 concentration (µgChla<3 L−1)
in dust-amended mesocosms (DM; a) and control mesocosms (CM; b), nano- and microphy-
toplankton mean Chl a>3 concentration (µgChla>3 L−1) in DM (c) and CM (d), and picophyto-
plankton biomass contribution to total phytoplankton biomass (Chl a<3: Chl aTot) in DM (e) and
CM (f), over time (h). The arrows indicate the time at which each dust addition was performed.
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Fig. 2. 1034	  

 1035	  

1036	  

Fig. 2. Evolution of picophytoplanktonic Haptophyceae mean chlorophyll (Chl) a<3 concentra-
tion (µgChla<3 L−1) in dust-amended mesocosms (DM; a) and control mesocosms (CM; b),
Cyanophyceae mean Chl a<3 concentration (µgChla<3 L−1) in DM (c) and CM (d), and Pelago-
phyceae mean Chl a<3 concentration (µgChla<3 L−1) in DM (e) and CM (f), over time (h). The
biomass of each picophytoplanktonic group was obtained through ChemTax analysis. Cyano,
Cyanophyceae; Hapto, Haptophyceae; Pelago, Pelagophyceae. The arrows indicate the time
at which each dust addition was performed.
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Fig. 3. 1037	  

 1038	  

1039	  

Fig. 3. Evolution of nano- and microphytoplanktonic Haptophyceae mean chlorophyll (Chl) a>3

concentration (µgChla>3 L−1) in dust-amended mesocosms (DM; a) and control mesocosms
(CM; b), Bacillariophyceae mean Chl a>3 concentration (µgChla>3 L−1) in DM (c) and CM (d),
and Chlorophyceae mean Chl a>3 concentration (µgChla>3 L−1) in DM (e) and CM (f), over time
(h). The biomass of each nano- and microphytoplanktonic group was obtained through Chem-
Tax analysis. Bacillario, Bacillariophyceae; Chloro, Chlorophyceae; Hapto, Haptophyceae. The
arrows indicate the time at which each dust addition was performed.
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Fig. 4. 1040	  

 1041	  

1042	  

Fig. 4. Evolution of Synechococcus mean cell abundance (cellsmL−1) in dust-amended
mesocosms (DM; a) and control mesocosms (CM; b), picoeukaryotes mean cell abundance
(cellsmL−1) in DM (c) and CM (d), and nanophytoplankton mean cell abundance (cellsmL−1)
in DM (e) and CM (f), over time (h). Syn, Synechococcus; Picoeuk, picoeukaryotes; Nano,
nanophytoplankton. The arrows indicate the time at which each dust addition was performed.
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Fig. 5. 1043	  

 1044	  

 1045	  

 1046	  

1047	  Fig. 5. Evolution of picophytoplankton mean zeaxanthin (Zeax<3) concentration per Syne-
chococcus cell abundance (fgZeax<3 cell−1) in dust-amended mesocosms (DM; a) and control
mesocosms (CM; b), picophytoplankton mean chlorophyll (Chl) a<3 concentration per the sum
of Synechococcus and picoeukaryotes cell abundance (fgChla<3 cell−1) in DM (c) and CM (d),
and nanophytoplankton mean Chl a>3 concentration per cell abundance (fgChla>3 cell−1) in DM
(e) and CM (f), over time (h). Syn, Synechococcus; Pico, picophytoplankton; Nano, nanophyto-
plankton. The arrows indicate the time at which each dust addition was performed.
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Fig. 6. 1048	  

 1049	  

1050	  

Fig. 6. Evolution of the quantum yield of electron transport (relα
B; µmole− m−2 s−1

[µmolphotonsm−2 s−1]−1) in dust-amended mesocosms (DM; a) and control mesocosms (CM;
b), maximal relative electron transport rate (relETRmax; µmole− m−2 s−1) in DM (c) and CM (d),
and light saturation index (Ek; µmolphotonsm−2 s−1) in DM (e) and CM (f), over time (h). The
arrows indicate the time at which each dust addition was performed.
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Fig. 7. 1051	  

 1052	  

1053	  

Fig. 7. Relationship between 13C isotopic measurement of net primary production (13C PP;
mgCm−3 d−1) and maximal relative electron transport rate (relETRmax; µmole− m−2 s−1), during
the first (a) and the second dust addition (b), and during the entire experiment within the control
mesocosms (c). The plotted data set represents samples collected at 5 m depth.
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Fig. 8. 1054	  

 1055	  

 1056	  

Fig. 8. Evolution of the non-photochemical fluorescence quenching (NPQ) mean values of the
phytoplankton community in dust-amended mesocosms (DM; a) and control mesocosms (CM;
b), over time (h). The arrows indicate the time at which each dust addition was performed.
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