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The response of phytoplankton populations from surface ultra-oligotrophic waters of the

Eastern Mediterranean Sea to Saharan dust additions was studied during a 10-day

mesocosm experiment in May 2014. A set of triplicate mesocosms entitled “Single

Addition” treatment (SA) was amended with Saharan dust once, while another triplicate

set entitled “Repetitive Addition” treatment (RA) received the same amount of dust divided

into three consecutive daily doses administered within the first three experimental days,

both simulating patterns of dust deposition events taking place in the field. In both

treatments, dust particles released small amounts of dissolved inorganic nitrogen and

phosphorus which stimulated by 2-fold both chlorophyll-a concentration and primary

production for a time period of 6 days, as compared to a set of control mesocosms

carried out without dust addition. Phytoplankton response was similar in both treatments,

regardless of the dust addition pattern, and it evolved through two distinct phases in

both cases. The first phase (i.e., 1–2 days after initial addition) was characterized by

enhancement of picoplankton chlorophyll-normalized production rates as a result of

elevated orthophosphate concentrations while the second phase (i.e., 3–4 days after

initial dust addition), was characterized by elevated chlorophyll-normalized production

rates corresponding to larger cells (>5 µm) as a result of increased mineral nitrogen

concentrations. The stimulated primary production of larger cells was not accompanied

by a respective increase in carbon biomass suggesting important top-down control.

The major phytoplankton taxa detected during the experiment were Synechococcus,

Pelagophytes, and Prymnesiophytes. Estimations of cellular pigment concentrations and

carbon-to-chlorophyll ratios of identified groups and differences between prokaryotic and

eukaryotic cells are discussed.

Keywords: atmospheric deposition, ultra-oligotrophic conditions, phytoplankton pigments, productivity, carbon-

to-chlorophyll ratio

INTRODUCTION

The Mediterranean Sea is one of the most oligotrophic marine regions worldwide, characterized
by a west-east gradient of increasing oligotrophy in terms of macronutrients (nitrogen and
phosphorus), biomass and production (Krom et al., 1991; Moutin and Raimbault, 2002; Ignatiades
et al., 2009). The depletion of nutrients in the eastern Mediterranean basin, especially in the upper
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water layer is the main limiting factor of osmotrophs growth
(Thingstad and Rassoulzadegan, 1995; Thingstad and Mantoura,
2005; Tanaka et al., 2011). Recent studies have highlighted the
impact of atmospheric deposition on the productivity of such
oligotrophic systems. It has been suggested that the frequent
Saharan and Middle East dust deposition events taking place
in the eastern basin (Engelstaedter et al., 2006) may serve as
important external sources of bioavailable macro- and trace-
nutrients in the surface mixed layer, promoting osmotrophs
growth (Marañón et al., 2010; Ternon et al., 2010; Christodoulaki
et al., 2013; Giovagnetti et al., 2013; Gallisai et al., 2014).

Microcosm and mesocosm experimental studies performed
mostly in NW Mediterranean and the Atlantic Ocean
demonstrated that inputs of dust and aerosols enhanced
primary production (Ridame and Guieu, 2002; Bonnet et al.,
2005; Marañón et al., 2010) and phytoplankton biomass (Guo
et al., 2012; Giovagnetti et al., 2013), as well as bacterial
abundance (Herut et al., 2005; Marañón et al., 2010) and/or
bacterial respiration (Pulido-Villena et al., 2014). However,
phytoplankton and heterotrophic prokaryotes did not show
a consistently positive response, in terms of biomass and
production, to dust additions nor presented similar patterns
among all experiments. The biological responses mediated
through the release of nutrients from dust particles depended
on the environmental conditions (e.g., nutrient regime), the
quantity/quality of the dust added and the initial composition
and physiological state of the various osmotroph groups
present in the sampled seawater. For example, concerning
phytoplankton, input of small amounts of dust particles in
oligotrophic seawaters of South China Sea did not result in
biomass accumulation or community structure changes, while
large amounts of dust resulted in the increase of both biomass and
photosynthetic efficiency (Guo et al., 2012). During a bioassays
experiment performed in the Atlantic Ocean, where a certain
amount of dust was added to microcosms representing different
degrees of oligotrophy, it was found that primary production
was stimulated only in the least oligotrophic waters (Marañón
et al., 2010). Moreover, successive dust deposition events may
induce different biogeochemical responses (Ternon et al., 2010;
Wagener et al., 2010). For example, a mesocosm experiment
performed in the NW Mediterranean demonstrated that a first
dust addition favored picoplankton while a second addition a
few days later induced a response of larger phytoplankton cells
(Giovagnetti et al., 2013).

Overall, dust deposition is deemed to serve as a source
of nutrients and it is believed to impact the productivity of
oligotrophic systems. However, the response of phytoplankton
assemblages to dust inputs, in terms of biomass and activity,
is still unpredictable. Furthermore, the significance of
phytoplankton response over ecological timescales or broad
spatial scales is also under question (Volpe et al., 2009; Spivak
et al., 2011; Gallisai et al., 2014). In the field, intense dust
deposition fluxes may result from either a single strong or
several smaller consecutive dust deposition events (Vincent
et al., 2016 and references therein). The majority of previous
mesocosm experiments have studied the response of plankton
community to single dust additions. In our study, we performed

both single and consecutive dust additions in well-controlled
mesocosms in order to investigate how the magnitude and time
intervals between consecutive Saharan dust deposition events
affect phytoplankton activity and community structure in an
ultra-oligotrophic site of the east Mediterranean Sea. Moreover,
we investigated which, if any, phytoplankton groups were
particularly favored by the supply of new nutrients resulting
from the dissolution of dust particles. Finally, we examined
whether dust additions could stimulate significant physiological
changes in phytoplankton cells (e.g., cellular pigment content,
C:Chla ratio). To accomplish these objectives, we monitored the
response of autotrophic community, through size fractionated
chlorophyll and production measurements as well as single cell
counts and pigment analysis.

MATERIALS AND METHODS

Experimental Set Up and Sampling
The experiment, undertaken within the ADAMANT project,
was performed in May 2014 in the mesocosm facilities of the
Hellenic Centre for Marine Research in Crete, Greece. A detailed
description of the mesocosms’ setup and experimental design is
presented in Pitta et al., (in review). Briefly, 27m3 of pelagic
seawater were collected from 10m depth at a shelf site aboard the
R/V FILIA and were transferred to mesocosm installations using
acid-clean tanks (1m3 each). Three sets of three mesocosms (a
total of nine polyethylene containers up to 3m3 each) were filled
with the collected seawater. The mesocosms were deployed in a
large, land-based tank with running surface sea water allowing
temperature control and were covered with a screen mesh in
order to reduce light intensity by approximately 30%. Three
mesocosms were amended with 4 g Saharan dust each, on day
zero (“Single Addition” treatment, SA), another set of three
mesocosms received three consecutive dust additions of 1, 2,
and 1 g on days 0, 1, and 2, respectively (’Repetitive Addition’
treatment, RA), while three mesocosms were run without dust
addition and used as controls (CNT). The total quantity of
dust added (4 g) to the mesocosms corresponded to a final
concentration of ca. 1.3mg L−1 and was selected to represent
realistic atmospheric deposition events in the east Mediterranean
Sea (Pitta et al., in review).

The experiment lasted 10 days in total (D0–D9) and sampling
for the analysis of mineral nutrients, size fractionated chlorophyll
a and primary production, phytoplankton pigments, and
picoplankton (<2 µm) cell counts took place every day before
any dust addition. Sampling for cell counting of autotrophic
nanoplankton (2–20 µm) and microplankton (>20 µm), by
microscopy methods, took place every second day due to their
long analysis time. Nevertheless, the specific sampling strategy
was considered adequate for the detection of potential changes
in community structure.

Mineral Nutrients
Nitrate (NO−

3 ), nitrite (NO−

2 ), and ammonium (NH+

4 ) were
measured according to Strickland and Parsons (1972) while
orthophosphate (PO3−

4 ) was measured according to Rimmelin
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and Moutin (2005). Total dissolved inorganic nitrogen (DIN) is
estimated by the sum of NO−

3 , NO
−

2 , and NH+

4 .

Chlorophyll-a per Size Class
The amount of chlorophyll-a corresponding to picoplankton
(<2 µm, pChla), small nanoplankton (2–5 µm, snChla),
and larger nano- and microplankton (>5 µm, nµChla) was
determined according to the fluorometric acidification method
(Holm-Hansen et al., 1965). Water samples of 1 L were collected
from each mesocosm and sequentially filtered through 5, 2,
and 0.2 µm polycarbonate filters (47mm diameter) under low
vacuum pressure. Filters were kept frozen at −20◦C until
analysis. Extraction was performed in 90% acetone solution
overnight and the measurements were performed with a
TURNER TD700 fluorometer. Total chlorophyll-a (Chla) was
derived by summing up the concentrations of chlorophyll-a in
all three size classes.

Phytoplankton Pigments
Phytoplankton pigments were determined by High Performance
Liquid Chromatography analysis (HPLC). 2L seawater were
filtered through GF/F filters (25mm) under low vacuum pressure
(<150 mmHg). The filters were immediately placed in liquid
nitrogen and stored at −80◦C until analysis. The filters were
immersed in 3mL of acetone, disrupted in an ice-bath using
a sonication probe for 1.5min (50% amplitude, 0.5 cycle) and
incubated at −20◦C overnight. Prior to extraction, each filter
was spiked with 20 µL of an internal standard solution (β-apo-
8′-carotenal 3 ng µL−1). All sample extracts were clarified by
centrifugation (10000 rpm for 10min), as well as by filtration
through a 0.2 µm syringe filter (Whatman ReZist, PTFE, 0.2 µm
pore size, 13mm diameter). The filter extracts were analyzed
using an Agilent 1260 Infinity Binary Pump HPLC system
(Agilent Technologies) equipped with a Poroshell 120 column
(EC-C18, 150 × 3mm, 2.7 µm particles; Agilent Technologies).
A detailed description of the applied chromatographic conditions
is provided in Lagaria et al. (2016). The abbreviations of detected
pigments and calculated sums of pigments are presented in
Table 1.

Pigment data were further processed with the CHEMTAX
software (Mackey et al., 1996) in order to calculate the
relative contribution of the different functional phytoplankton
groups to total phytoplankton biomass (in chlorophyll units).
Although several pigments are known to be present in
multiple phytoplankton groups, CHEMTAX algorithm is able
to break down phytoplankton composition by considering a
large suite of pigments simultaneously. The selection of the
chemotaxonomic groups to be included in CHEMTAX analysis
was based on the main pigment markers detected by HPLC,
in conjunction with observations made by flow-cytometry and
optical microscopy about phytoplankton composition. To avoid
potentially unreliable initial pigment:Chla ratios, sixty ratio
matrices were generated by adjusting each of the pigment ratios
according to a random function described inWright et al. (2009).
The best 10% of the outputs, based on lower Root Mean Square
(RMS) errors, were selected as starting matrices to determine the
contribution of each class to TChla concentration.

TABLE 1 | Abbreviations of detected pigments and calculated pigment

sums.

Pigments Abbreviation

Chlorophyll-a Chla

Chlorophyll c2 Chlc2

Chlorophyll c3 Chlc3

Chlorophyll b Chlb

Zeaxanthin Zea

19′-butanoyloxyfucoxanthin But

19′-hexanoyloxyfucoxanthin Hex

Peridinin Peri

Fucoxanthin Fuco

ββ-carotene + βε-carotene Caro

Diadinoxanthin Diadino

Diatoxanthin Diato

Violaxanthin Viola

Auxiliary photosynthetic

pigments (PSC)

Chlc2 + Chlc3 + Chlb + But + Fuco +

Hex + Peri

Photoprotective pigments (PPT) Caro + Diadino + Diato + Viola + Zea

Total pigments (TP) PSC + PPT + Chla

Primary Production
Three light and one dark 320mL polycarbonate bottles filled
with seawater sample from each mesocosm bag were spiked with
5 µCi of NaH14CO3 tracer each and incubated in the land-
based tank, under natural temperature, and daylight conditions
for approximately 3 h around midday (Steemann-Nielsen, 1952).
After incubation, water samples were filtered through 5, 2,
and 0.2 µm polycarbonate filters (47mm diameter) under low
vacuum pressure (<50–150 mmHg). The filters were acidified
in order to remove excess NaH14CO3 and their radioactivity
(disintegrations per minute, dpm) was measured in a scintillation
counter after the addition of 4mL scintillation cocktail. Primary
production rate (PP) was calculated by subtracting the dpm
of the dark bottles from the respective light ones. A value of
26400mg C m−3 was used for the concentration of dissolved
inorganic carbon and a value of 1.05 was applied for the isotopic
discrimination factor. PP corresponding to picoplankton (0.2–2
µm, pPP), small nanoplankton (2–5 µm, snPP) and larger nano-
and microplankton (>5 µm, nµPP) was assessed by subtraction
of the respective filters.

Phytoplankton Abundance and Carbon
Biomass Estimations
For counts of cyanobacteria and autotrophic eukaryotic cells
of size <2 µm that usually belong to various phytoplankton
groups (Marie et al., 2006), herein called “pico-eukaryotes,” 2mL
duplicate water samples were fixed with glutaraldehyde (0.5%
final concentration), deep-frozen in liquid nitrogen and kept at
−80◦C until analysis. Analysis was performed in thawed samples
without prior staining and cells were distinguished based on
their autofluorescence signals in a FACSCalibur flow cytometer
according to Marie et al. (1997). Carbon biomass was calculated
from cell counts assuming a carbon content of 151 fg C cell−1 for
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Synechococcus sp. (mean values obtained from Bertilsson et al.,
2003; Worden et al., 2004; Marañón et al., 2013) and 471 fg C
cell−1 for pico-eukaryotes, value derived assuming a biovolume
of 2.6 µm3 cell−1 and the conversion factor 183 fg C µm−3

(Caron et al., 1995).
Counts of autotrophic nanoflagellates (ANF) were performed

on 30 mL samples by applying cell fixation with borax-buffered
formalin (final concentration 2% formaldehyde), filtration on
black polycarbonate (Poretics) filters with 0.6 µm pore-size,
staining with DAPI (Porter and Feig, 1980) and enumeration
using epifluorescence microscopy. The specific cells were
distinguished using UV excitation, and categorized into five
size-classes (2–3 µm, 3–5 µm, 5–7 µm, 7–10 µm, and >10
µm) using an ocular micrometer. Formulas of approximate
geometric shapes were used to calculate cell biovolume using the
measurements of cell length and width. Then, biovolumes were
converted into carbon biomass using 183 fg C µm−3 (Caron
et al., 1995).

Counting of larger phytoplankton cells, i.e., coccolithophores,
diatoms and dinoflagellates (approx. >7mm cell size) was
performed with inverted microscopy on 100mL water samples
preserved in alkaline Lugol’s solution (2% final concentration;
Utermöhl, 1958). They were identified down to genus or species
level and the mean cell biovolume for each species/taxon was
calculated using its size measures (e.g., length, width) and
appropriate simulations of its geometric shape according to
Hillebrand et al. (1999). Then, cell volumes were converted
to carbon biomass applying appropriate conversion factors per
genus or species (Verity et al., 1992; Montagnes et al., 1994).

Statistics
For comparison of the various variables among the CNT, SA,
and RA treatments during the entire experimental period (D0–
D9) a repeated measurements ANOVA (RM-ANOVA) was
performed. For this analysis, data were log-transformed in
order to meet homogeneity of variance. In addition, a principal
component analysis (PCA) was performed with standardized
data in order to reduce the dimensionality of variables and
detect response phases of phytoplankton community to dust
inputs. Selected phytoplankton parameters (e.g., chlorophyll-a,
primary production, and chlorophyll-normalized production per
size fraction, phytoplankton groups derived by CHEMTAX) were
used as independent variables in PCA. Moreover, concentrations
of mineral and organic nutrients (presented in Pitta et al.,
in review) were added as supplementary variables in order to see
how they were correlated with the selected variables used to build
the PCA.

RESULTS

Initial Characteristics of Sampled
Seawater and Dust Additions
The surface water sampled from the Cretan Sea displayed
particularly low inorganic nutrient concentrations. NO−

2 and
NO−

3 were close to or in certain samples below the detection
limit of the applied methods and together represented 26% of
DIN. The initial DIN: PO3−

4 (N:P) ratio was approximately 10.

Chla and PP presented low values (Table 2) typical of surface
oligotrophic waters. Cyanobacteria were only comprised by
Synechococcus sp. populations while Prochlorococcus sp. were
absent. Synechococcus sp. was the most abundant phytoplankton
group, followed by pico-eukaryotes (Table 2). Autotrophic
nanoflagellates (ANF) were mostly comprised from cells in the
2–5 µm size range, which accounted 84% of the initial ANF
abundance. Dinoflagellates were mostly comprised by <20 µm
cells and presented quite low abundance (Table 2). Very few
diatoms and coccolithophores (<30 cells L−1) were detected in
the sampled water.

Detailed results of dust composition and nutrient analysis are
presented in Pitta et al., (in review). Briefly, the amendment
of each 3 m3 mesocosm with 4 g dust resulted in adding
10 nM NH+

4 , 55 nM NO−

3 , 2 nM PO3−
4 , and 69 nM dissolved

organic nitrogen (DON). This addition resulted in 100
and 30% enrichment of DIN and PO3−

4 , respectively. The
temporal pattern of mineral nutrients concentrations during
the experiment is presented in Figure 1. The concentration of
DIN (Figure 1A) was significantly affected by dust additions
(RM-ANOVA, p < 0.001). PO3−

4 concentration was slightly
higher in the dust treatments, especially in the RA, than in
the CNT during the first four experimental days after initial
dust addition (Figure 1B). Nevertheless, PO3−

4 concentration
was not found to be significantly different among treatments
and CNT over the whole experimental period (RM-ANOVA,
p > 0.05).

Response of Phytoplankton
Photosynthetic Parameters
Chlorophyll-a
Both SA and RA dust additions caused a significant positive effect
on Chla concentrations as compared to CNT (RM-ANOVA, p <

0.001). In the SA treatment, Chla presented the highest increase
(by 1.8-fold) 2 days after dust addition (D2) and remained higher
than CNT until Day 6, after which it decreased to CNT levels
(Figure 2A). In the RA treatment, Chla presented the highest

TABLE 2 | Initial characteristics of seawater collected for mesocosm

experiments (Day 0, prior to any dust additions).

Parameter Value

PO3−
4 (nM) 5.8 (±0.8)

DIN (nM) 62 (±22)

Chla (µg L−1) 0.04 (±0.01)

PP (mg C m−3 h−1) 0.34 (±0.02)

PPB (mg C [mg Chla] h−1) 8.23 (±0.86)

Synechococcus sp. (cells mL−1) 11805 (±279)

Pico-eukaryotes (cells mL−1 ) 751 (±74)

Autotrophic nanoflagellates (cells mL−1 ) 493 (±120)

Coccolithophores (cells L−1) 30 (±12)

Diatoms (cells L−1) 30 (±12)

Dinoflagellates (cells L−1) 2673 (±1186)

Data represent the average values (±standard deviation) obtained from all nine mesocosm

containers.
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FIGURE 1 | Concentrations of (A) Dissolved inorganic nitrogen (DIN, µM) and (B) orthophosphate (PO3−
4 , nM) during the experiment. CNT, Control; RA, Repetitive

Addition treatment; SA, Single Addition treatment.

increase (by 1.6-fold) on D4 and decreased to CNT level after D6
(Figure 2A).

The amount of chlorophyll-a corresponding to picoplankton
(pChla) was also significantly affected by dust additions (RM-
ANOVA, p < 0.01) and presented a similar pattern to total Chla
(Figure 2B). The highest increase of pChla was 2-fold on D2
in SA and 1.5-fold on D4 in RA. The amount of chlorophyll-
a corresponding to cells >2 µm (Figure 2C) presented a 1.5-
fold increase on D2 in both SA and RA and remained higher
than CNT levels until D6 but this response was not found
to be significant compared to CNT (RM-ANOVA, p > 0.05).
However, when considering the 2–5 µm size fraction alone
(data not shown), dust additions had a significant positive effect
on the respective Chla amount (RM-ANOVA, p = 0.04). On
average, during the experimental period, picoplankton (0.2–
2 µm) contributed 59–60% to total chlorophyll-a, while the
contribution of 2–5 µm and >5 µm cell sizes were 19–20% and
20–21%, respectively.

Primary Production
Besides Chla, primary production was also stimulated by dust
additions (RM-ANOVA, p < 0.001). PP increased by 1.8-fold on
D2 both in SA and RA and remained high until D6 after which
it decreased to CNT levels (Figure 2D). The production rates
that corresponded to picoplankton (0.2–2 µm) and to >2 µm
cells were both positively affected by dust additions as compared
to CNT (RM-ANOVA, p < 0.05 and p < 0.01, respectively).

pPP rate increased by 1.8-fold during D1–D2 in SA and by
1.5-fold during D2–D3 in RA (Figure 2E) while production
rate of cells >2.0 µm increased by 2.5-fold on D4 in both
treatments (Figure 2F). On average, during the experimental
period, picoplanktonwas responsible for 38–41% of total primary
production, while phytoplankton cells of size 2–5µmand>5µm
were responsible for 20–25% and 38–39%, respectively.

The chlorophyll-normalized production (PPB) indicates the
efficiency of producing organic carbon per unit of chlorophyll
a. PPB of the entire phytoplankton assemblage (Figure 2G) and
of picoplankton (Figure 2H) were not affected by dust additions
(RM-ANOVA, p > 0.05). Generally, PPB decreased at the end
of the experiment. The chlorophyll-normalized production of
cells >2 µm presented higher values than picoplankton, and
was significantly affected by dust additions (RM-ANOVA, p <

0.01). It presented a 1.7-fold increase on D4 in both treatments
(Figure 2I).

Phytoplankton Pigments
Generally, a limited number of pigments were detected
throughout the mesocosm experiment. The most abundant
diagnostic pigments were Hex, Zea, But and Fuco (Table 1)
which are typically found in Prymnesiophytes, Cyanobacteria,
Pelagophytes, and Prymnesiophytes/Diatoms, respectively.
Moreover, traces (< 5 ng L−1) of Chlb (typical of Prasinophytes,
Chlorophytes) and Peri (typical of Dinoflagellates) were
occasionally detected. Hex increased significantly in both
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FIGURE 2 | Chlorophyll a (Chla, µg L−1), primary production (PP, µg C L−1 h−1), and normalized-to-chlorophyll production (PPB, µg C [µg chla]−1

h−1) for the entire phytoplankton assemblage (A, D, G, respectively), as well as for the 0.2–2µm (B, E, H, respectively) and >2µm (C, F, I, respectively) size

classes during the experiment. CNT, Control; RA, Repetitive Addition; SA, Single Addition.

SA and RA as compared to CNT (RM-ANOVA, p < 0.001),
presenting the highest concentrations on D2 and D3, respectively
(Figure 3A). Similarly, an almost 2-fold increase was observed
for But and Fuco 4 days after the initial addition of dust in
both treatments (Figures 3C,D). Nevertheless, only the response
of Fuco proved to be significantly different between CNT and
dust treatments (RM-ANOVA, p < 0.001). Zea (Figure 3B) was
also shown to be significantly influenced by dust additions as
compared to CNT (RM-ANOVA, p < 0.001), but it presented
a different temporal pattern compared to the other pigments;
its concentration increased by 1.7-fold in both treatments
on D2 and remained high during the entire experimental
period.

With regard to phytoplankton pigment indices (Table 1), the
ratio of auxiliary photosynthetic pigments to total pigments
(PSC:TP) increased from 0.32 to 0.38 during the experimental
days D2–D5 (Figure 4B). In particular, the ratio of chlorophylls
b and c over TP presented slightly higher value than the CNT in
the SA on D1–2 and in both SA and RA on D5 (Figure 4A). On
the other hand, the respective ratio of photoprotective pigments
(Table 1) showed a gradual increase after D6 followed by a sharp
decrease on the last day of the experiment (Figure 4C). These
variations were significant on the time scale (RM-ANOVA, p <

0.01) although no significant difference was detected among CNT
and dust treatments (RM-ANOVA, p > 0.05).

Phytoplankton Community
Cell Abundance and Carbon Biomass
Among all identified phytoplankton groups, only picoplankton
cell numbers were significantly affected by dust (RM-ANOVA,
p < 0.01). Synechococcus abundance progressively increased
after D1 in both treatments presenting an almost 2-fold
increase on D3–D4 and remained high until the end of the
experiments (Figure 5A). Pico-eukaryotes were also significantly
affected by dust additions as compared to CNT (RM-ANOVA,
p < 0.05); presenting higher abundances on D4 in both SA
and RA compared to the CNT (Figure 5B). In general, the
least abundant autotrophic nanoflagellates and dinoflagellates
presented higher cell numbers in the SA treatment, but it was
not possible to identify any statistical significant differences
against the control conditions, most likely as a result of the large
variance (CV = 0.3–0.6) accompanying those measurements
(Figures 5C,D). Generally, large sized cells were not detected
throughout the experimental period. Microphytoplankton cells
(>20 µm), such as diatoms and large dinoflagellates, as
well as larger nanoflagellates (>10 µm), were practically
absent.

The carbon biomass of individual phytoplankton groups,
derived from cell counts and biovolume/carbon conversion
factors (see methods), followed the temporal patterns of
the respective abundances, as shown in Figure 5. Total
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FIGURE 3 | Concentrations (ng L−1) of major diagnostic pigments during the experiment, (A) 19′ hexanoyloxyfucoxanthin (Hex), (B) Zeaxanthin (Zea), (C)

Fucoxanthin (Fuco), and (D) 19′-butanoyloxyfucoxanthin (But). CNT, Control; RA, Repetitive Addition; SA: Single Addition.

phytoplankton carbon biomass was significantly affected by dust
additions (RM-ANOVA, p < 0.01), presenting 1.5- and 1.3-
fold increase in SA and RA, respectively, on D3 (Figure 6).
Generally, phytoplankton carbon biomass in SA was significantly
higher than in RA. When considering both dust treatments,
Synechococcus carbon biomass ranged from 1.8 to 3.3 µg C L−1

throughout the experimental period. It represented 45–77%
of phytoplankton carbon biomass in RA and 42–77% in SA,
with the highest relative contribution recorded at the end of
the experiment. ANF carbon biomass ranged from 0.1 to 2.0
µg C L−1, representing 4–41 and 5–44% of phytoplankton
carbon biomass in the RA and SA treatment, respectively, with
the minimum relative contribution recorded at the end of
the experiment. In the untreated CNT, Synechococcus biomass
ranged from 1.4 to 2.0 µg C L−1 while ANF biomass ranged
from to 0.4 1.8 µg L−1. The respective contributions were
43–63% for Synechococcus and 15–44% for ANF. ANF during
the experimental period were mostly comprised from cells in
the 2–5 µm size range (Figure 6) which accounted on average
64% of ANF carbon biomass. Carbon biomass of autotrophic
dinoflagellates ranged from 0.10 to 0.23 µg C L−1 in CNT, from
0.14 to 0.29µg C L−1 in RA and from 0.10 to 0.30µg C L−1 in SA,
constantly representing <10% of phytoplankton carbon biomass
throughout the experiment (data not shown).

The carbon-to-chlorophyll (C:Chla) ratio of the entire
phytoplankton community, derived by total carbon biomass
estimates and total chlorophyll measurements, was not
significantly affected by dust additions (RM-ANOVA, p > 0.05).
C:Chla ranged on average from 62 (±10) to 101 (±2) in the CNT
and from 71 (±9) to 101 (±15) in the dust treatments (RA and
SA). In all cases, the highest value was recorded at D0, prior to
dust additions (data not shown).

CHEMTAX Analysis of Phytoplankton Functional

Groups
CHEMTAX analysis was run with the entire pigment dataset.
Three phytoplankton functional groups (Prymnesiophytes,
Pelagophytes, and Cyanobacteria-type 2 (for Synechococcus sp.,
Higgins et al., 2011) were selected for CHEMTAX analysis, based
on the major diagnostic pigments detected (Hex, But, Fuco,
Zea) and phytoplankton cells indentified by light/epifluorescence
microscopy and flow-cytometry. Since diatoms were not
present, fucoxanthin was attributed to Prymnesiophytes and
Pelagophytes. Moreover, Zeaxanthin was entirely attributed to
Cyanobacteria-type 2 (Synechococcus sp.), as Prochlorococcus sp.
cells were not detected throughout the experiment. It should also
be stressed that peridinin, a typical biomarker of dinoflagellates
was almost undetectable in our study and thus the specific
chemotaxonomic group was not included in the CHEMTAX
analysis. The final pigment:Chla ratios derived by CHEMTAX
for the three functional groups under investigation are shown in
Table 3.

CHEMTAX results for Cyanobacteria (Figure 7A)
reproduced the abundance and carbon biomass pattern of
Synechococcus (Figure 5A). Indeed, the levels of Cyanobacteria
(in chlorophyll units) showed a strong correlation with
Synechococcus carbon biomass (r = 0.84, n = 90, p < 0.0001).
Moreover, prymnesiophytes (Figure 7C) presented a similar
pattern with total Chla concentrations (Figure 2A) while the
pattern of Pelagophytes (Figure 7B) was similar to that of
pico-eukaryotes (Figure 5B). The levels of prymnesiophytes
and pelagophytes (in chlorophyll units) derived by CHEMTAX
were compared with the carbon biomass of different size
classes of flagellates (nanoflagellates and pico-eukaryotes).
Prymnesiophytes presented significant correlations with all size
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FIGURE 4 | Pigment indices (ratios) during the experiment. Chlb,

Chlorophyll b; Chlc, Chlorophyll c2 and c3; PSC, Photosynthetic pigments;

PPC, Protoprotective pigments; TP, Total pigments. CNT, Control; RA,

Repetitive Addition; SA, Single Addition.

classes, while Pelagophytes were strongly associated only with
pico-eukaryotes (Table 4).

Specific Characteristics of Phytoplankton Groups
The fluorometric measurements of chlorophyll-a per size
fractions were used in conjunction with the CHEMTAX
results. The amount of chlorophyll-a that corresponds to pico-
eukaryotes (ChlapEu) would be:

ChlapEu = pChla− Chlacyano (1)

where pChla is the amount of chlorophyll-a corresponding
to picoplankton (<2 µm), as measured by fluorometry, and
Chlacyano is the amount of chlorophyll-a corresponding to
Cyanobacteria (Synechococcus sp.), as derived by CHEMTAX. As
revealed in the previous section, pelagophytes belonged entirely
to the picoplankton size class. Consequently, the fluorometrically
measured chlorophyll-a in cells >2 µm (Chla>2) may be
attributed only to Prymnesiophytes that fall within the
nanoplankton size fraction (Chlaprymne>2). Thus:

Chla>2 = Chlaprymne>2 (2)

Meanwhile, the amount of chlorophyll-a that corresponds to
pico-eukaryotes (ChlapEu) estimated from Equation (1) may be
attributed to both pelagophytes (Chlapelago) and prymnesiophytes
that fall within the picoplankton size fraction (Chlaprymne<2).
Therefore:

ChlapEu = Chlapelago + Chlaprymne<2 (3)

Using these equations, pico-eukaryotes in the CNT mesocosms
were calculated to consist of 42% prymnesiophytes and 58%
pelagophytes. Assuming that this composition is also applicable
to cell counts and carbon biomass of pico-eukaryotes, we
estimated the cellular pigment amount of each group (Table 5).
We here present values only from the CNT mesocosms. The
respective values from SA and RA did not exhibit any significant
differences from CNT.

Phytoplankton Response to Dust Additions
through PCA
To further evaluate the response of phytoplankton community
among the different samples (sampling days of CNT, SA, and
RA) principal component analysis (PCA) was applied. The
phytoplankton parameters used as independent variables in
this analysis included chlorophyll-a, primary production and
chlorophyll-normalized production per size fraction, as well as
biomass of cyanobacteria, pelagophytes and prymnesiophytes (in
chlorophyll units as derived from CHEMTAX analysis), while
the concentrations of mineral and organic nutrients were used
as supplementary variables. The first two principal components
(PCs) explained 61.3 and 16.2%, respectively, of the total
variance of phytoplankton data. The score plot of PC1 versus
PC2 describes the relationships among samples (Figure 8A),
while the relationships among variables are displayed in the
loading plot of PC1, PC2 (Figure 8B). According to the score
plot (Figure 8A), two clusters of samples were spotted in
the lower left and upper left quadrant, indicating significant
differences in phytoplankton community. Both clusters were
well separated from the other samples along the first principal
component while they segregated from each other along the
second principal component (Figure 8A). The samples on the
right side of PCA plot included all sampling days of CNT
and the last sampling days (D7–D9) of RA and SA treatments,
representing the untreated mesocosm conditions and the end
of treatment status. The cluster in the lower left side of the
plot included D1–D2 of SA and D2–D3 of RA, representing
a first response phase of the phytoplankton community while
the cluster in the upper left side of the panel included D3–
D5 of SA and D4–D5 of RA, representing a second phase of
response. According to the loadings plot (Figure 8B), the first
cluster of samples (lower left quadrant) was mostly characterized
by higher normalized-production rates of picoplankton (pPPB)
which were correlated with PO3−

4 and DON, as shown by their
position on PC2. The second cluster (upper, left quadrant) was
characterized by relatively higher concentration of Pelagophytes
and higher chlorophyll normalized-production rate of cells >5.0
µm (nµPPB), which were correlated with DIN concentration.
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FIGURE 5 | Abundances of (A) Synechococcus sp. (cells mL−1), (B) pico-eukaryotes (cells mL−1 ), (C) Nanoflagellates (cells mL−1) and (D) Dinoflagellates

(cells L−1) during the experiment. CNT, Control; RA, Repetitive Addition; SA, Single Addition.

FIGURE 6 | Estimated carbon biomass (µg C L−1) of major phytoplankton groups during the experiment. ANF, Autotrophic nanoflagellates; pEu,

pico-Eukaryotes; Syn, Synechococcus sp. CNT, Control; RA, Repetitive Addition; SA, Single Addition.

DISCUSSION

The Effect of Dust Addition Treatments on
Phytoplankton Activity and Structure
In the present study, mesocosm experiments were performed
using ultra-oligotrophic surface waters from the east
Mediterranean basin (Cretan Sea) in order to investigate
the short-term response of phytoplankton community to
Saharan dust deposition. It is known that phytoplankton
community in the surface waters of the east Mediterranean
Sea presents N and P co-limitation during the spring/summer
period (Psarra et al., 2005; Thingstad et al., 2005; Zohary et al.,
2005; Pitta et al., 2016; Tsiola et al., 2016). Initial conditions

revealed the oligotrophic status of the collected seawater
presenting particularly low concentrations of nutrients and
chlorophyll as well as an apparent N-deficiency (N:P = 10).
However, this N:P ratio includes certain elements of uncertainty,
since concentrations of NO−

3 and NO−

2 were close to the
detection limit of the applied method. A single addition of ca.
1.3 µg L−1 Saharan dust in mesocosms seawater (SA treatment),
representing natural deposition events in the east Mediterranean,
caused the enrichment of initial DIN and PO3−

4 concentrations
by 100 and 30%, respectively. This enrichment, in turn, resulted
in stimulating total chlorophyll-a concentration and primary
production by almost 2-folds for a time period of 6 days. An
increase of the overall phytoplankton carbon biomass was also
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TABLE 3 | Final optimized pigment ratios of the three phytoplankton functional groups under investigation, as determined by CHEMTAX analysis.

Class/Pigment Chlc2:Chla Chlc3:Chla But:Chla Fuco:Chla Hex:Chla Zea:Chla

Prymnesiophytes 0.23 0.12 0.01 0.08 0.66

Pelagophytes 0.58 0.07 0.64 0.27 0.01

Cyanobacteria 0.66

FIGURE 7 | Response of phytoplankton groups to dust additions as

determined by pigment/Chemtax analysis (in chlorophyll units, µg

L−1), (A) Cyanobacteria, (B) Pelagophytes and (C) Prymnesiophytes. CNT,

Control; RA, Repetitive Addition; SA, Single Addition.

observed, but this effect was less pronounced (1.5-fold). The
positive response of phytoplankton to dust addition is largely
in accordance with many previous microcosm and mesocosm
experiments performed in oligotrophic low nutrients low
chlorophyll (LNLC) sites, such as in the east ((Herut et al.,
2005); Tsagaraki et al., in review) and west Mediterranean basins
(Bonnet et al., 2005; Lekunberri et al., 2010; Romero et al., 2011;
Ridame et al., 2014), in the Atlantic Ocean (Marañón et al., 2010)
and in South China Sea (Guo et al., 2012).

Besides the single-addition experiment, additional mesocosm
containers were subjected to three consecutive inoculations with
smaller amounts of Saharan dust (RA treatment) in order to

TABLE 4 | Pearson’s correlation matrix of Pelagophytes and

Prymnesiophytes (in chlorophyll units, µg L−1) determined by CHEMTAX

analysis with carbon biomass (µg C L−1) of different size classes of

flagellates.

PEu ANF (2–5 µm) ANF (>5 µm)

Pelagophytes 0.78** (n = 89) ns ns

Prymnesiophytes 0.52** (n = 89) 0.53** (n = 61) 0.29 (n = 59)*

ANF, autotrophic nanoflagellates; pEu, pico-eukaryotes; **p < 0.0001, *p < 0.05, ns, non

significant; n, number of samples.

better simulate the recurrent pattern of Saharan dust events in
the eastern Mediterranean, where continuing dust deposition
events may occur over a period of several days (Meloni et al.,
2008; Gaetani and Pasqui, 2014; Vincent et al., 2016). The
sum of the three dust additions equaled the amount of dust
added in the SA treatment. Interestingly, the combination of
the three successive inoculations of Saharan dust resulted in a
similar response of the phytoplankton assemblage to the single
addition, both quantitatively and qualitatively. However, the
response of the system in the RA treatment showed a 1-day
delay, as compared to the SA treatment. In particular, the first
addition of dust did not exert any discernible effect either on
total chlorophyll-a or on primary production rate, but both
parameters increased significantly after the second dust addition.
These results indicate that small consecutive dust events may
trigger ecosystem productivity in a similar way to single larger
deposition events, at least when they are of an overall equivalent
level and exceed a certain threshold. In our study, this threshold
was reached after the second dust addition in RA (3 g dust in
total) which corresponded to a final concentration of 1 µg L−1

·

To our knowledge, there are no previous studies investigating the
impact of successive dust additions in ultra-oligotrophic systems,
while only one mesocosm study has been conducted in the west
Mediterranean (DUNE experiment) where a secondary addition
was performed 6 days after the initial one (Guieu et al., 2014).
In that study, the first addition of dust caused an increase of the
NO−

3 concentration and the consequent enhancement of both
chlorophyll-a and primary production for a time period of 6 days
(Ridame et al., 2014), which was similar to that experienced in
our study. The second addition, 6 days later, caused the increase
of both NO−

3 and PO3−
4 concentrations for several days and

resulted in even larger increases of phytoplankton biomass and
production (Ridame et al., 2014).

It is of particular interest that in our study chlorophyll-a
and primary production rates presented maxima 1–2 days after
initial dust addition and remained higher than those in the
untreated controls for 6 days. This temporal pattern is different
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TABLE 5 | Cellular pigments’ concentration (fg cell−1) and carbon-to-chlorophyll ratio of the three major phytoplankton functional groups.

Cyanobacteria Pelagophytes Prymnesiophytes <2 µm Prymnesiophytes 2–7 µm

Zea (fg cell−1) 0.67 ± 0.10

Fuco (fg cell−1) 6 ± 2 0.18 ± 0.05 0.58 ± 0.22

But (fg cell−1) 14 ± 4 0.02 ± 0.01 0.07 ± 0.03

Hex (fg cell−1) 0.22 ± 0.06 1.45 ± 0.38 4.76 ± 1.84

Chla (fg cell−1) 1.06 ± 0.15 22 ± 6 22 ± 6 72 ± 28

Carbon (fg cell−1 )* 151 471 471 2164–3721

C:Chla 143 21 21 30–51

*Assumed or estimated from biovolume measurements, see methods.

FIGURE 8 | Principal Component Analysis (A) score plot and (B) loading plot for phytoplankton community in samples. The numbers represent the experimental

days for CNT, Control; RA, Repetitive Addition; SA, Single Addition. DIN, Dissolved inorganic nitrogen; PO4, Orthophosphate; DOC, Dissolved organic carbon; DON,

Dissolved organic nitrogen; POC, Particulate organic carbon; Chla
<2, Chla>2: Chlorophyll-a of cells <2 µm and >2 µm, respectively, pPP, snPP, nmPP: Production

rates of cells <2 µm, 2–5µm, >5µm, respectively, pPPB, snPPB, nmPPB: Chlorophyll-a normalized production rates of cells <2 µm, 2–5µm, >5µm, respectively,

Cyano, Cyanobacteria; Pelago, Pelagophytes; Prymne, Prymnesiophytes.

than what has been observed in previous mesocosm experiments
investigating the response of Cretan Sea surface waters to the
addition of inorganic nutrients (N and/or P) during summer,
where chlorophyll-a and production reached maxima at the
fourth experimental day and decreased thereafter (Pitta et al.,
2016). A basic difference is the level of nutrients concentrations
in the two studies. The study of Pitta et al. (2016) was conducted
during late summer (September) and concentrations of mineral
nutrients were steadily close to or below detection limits, while
concentrations were comparatively higher in our study. However,
the relatively elongated period of phytoplankton response could
also be attributed to dissimilarities in the response of the various
phytoplankton size groups. By using PCA, we were able to
distinguish two phases of phytoplankton response. The first
phase, 1–2 days after first additions, was characterized by higher
normalized-to-chlorophyll production rates of picoplankton
while the second one, three to 4 days after initial dust additions,
was mostly associated with higher normalized-to-chlorophyll
production rate of the larger cells (>5 µm). In the DUNE

experiment, it was also found that primarily picoplankton
responded to first dust input while the second addition led to
increases of nano- and microplankton (Giovagnetti et al., 2013).

Picoplankton is known to prevail under oligotrophic
conditions and surface seawaters in particular, characterized
by an extreme depletion of nutrients and high irradiances, as
they are believed to have an ecological advantage over bigger
phytoplankton cells in these environments (Magazzù and
Decembrini, 1995; Raven et al., 2005; Veldhuis et al., 2005;
Siokou-Frangou et al., 2010), due to their competent capacity
to acquire nutrients (Agawin et al., 2000). This competitive
advantage of small cells is generally attributed to their higher
surface area to volume ratios, which facilitate the diffusion
of nutrients through cell membranes (Moore et al., 2013).
Another factor that governs nutrient uptake by phytoplankton
cells is the binding affinity of nutrients with the transport
proteins embedded in the cell’s membrane. For example, high
affinity transporters operate most efficiently at low substrate
concentrations (Lin et al., 2016). In a study performed in the
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Mediterranean Sea, it was shown that Synechococcus cells, have
a high affinity for orthophosphate and higher uptake rates
than eukaryotic autotrophs (Moutin et al., 2002). In our study,
Synechococcus represented the largest part of picoplankton
assemblage both in terms of abundance and carbon biomass
while PCA showed that the higher normalized production
rate of picoplankton was correlated with PO3−

4 concentration
indicating that picoplankton was most probably, quickly
favored by bioavailable phosphorus released from dust particles.
Additionally, as shown by PCA analysis, it is possible that
DON released from dust particles played an auxiliary role in
stimulating cyanobacteria, in the first response phase. This is
not suprising since there is evidence that cyanobacteria can
assimilate some small labile components of DON (Zubkov et al.,
2003; Wawrik et al., 2009). DIN seemed to accumulate after
the first two experimental days (Figure 1) mostly influencing
the larger phytoplankton cells in the second response phase as
shown by PCA analysis.

The effect of dust additions on carbon biomass of
phytoplankton groups was less evident than the response
of chlorophyll-a and primary production. Partly, this may be
due to the large standard variations of cell counts. However,
the difference in the response between the photosynthetic
parameters and carbon biomass may be also explained by
intracellular cycling of newly fixed carbon (Marra, 2009; Halsey
et al., 2010). It has been proposed that newly fixed carbon may
be catabolized for ATP and reductant generation within the
period of a cell cycle (Halsey et al., 2010, 2013). The increase
of phytoplankton carbon biomass was mostly attributed to
the accumulation of Synechococcus sp., which was found to
represent >70% of phytoplankton carbon biomass at the
end of the experiment. A slight effect was also observed for
picoeukaryotes, the cell numbers and carbon biomass of which
presented a modest increase at the fourth experimental day.
With the exception of picoplankton groups, no significant effect
of dust was found on the carbon biomass of any other group.
To note that, microscope analysis showed that particularly
large cells such as microplanktonic diatoms or dinoflagellates
were practically absent. Abundance and carbon biomass of
nanoflagellates significantly decreased during the experiment,
although production of cells>2.0µm showed a positive response
to dust addition. This implies that there was a strong grazing
pressure on them. It was found that ciliates which are their main
predators presented an increase at the end of the experiment
(Pitta et al., in review). Furthermore, recent studies have shown
that many small flagellates may be mixotrophic, grazing on
cyanobacteria and heterotrophic bacteria (Frias-Lopez et al.,
2009; Unrein et al., 2014). The decline of populations of
mixotrophic nanoflagellates would extenuate their grazing
pressure on cyanobacteria, resulting in the accumulation of the
latter as was observed in our study.

The Effect of Dust Additions on
Physiological Characteristics of
Phytoplankton Cells
In both RA and SA, primary production rates reached
maximum values quicker than the respective chlorophyll-a or

carbon biomass, indicating that the phytoplankton assemblage
quickly became metabolically active by assimilating the new
nutrients released from dust particles, but without resulting
in the built up of new biomass. An increase of the auxiliary
photosynthetic pigments (Table 1) would promote the efficiency
of the photosynthetic rate, since their role is to extend the
range of light that can be absorbed and used for photosynthesis
(Brunet et al., 2011). Indeed, pigment analysis showed that
the relative importance of accessory photosynthetic pigments
(e.g., Chlc in particular), over total pigments increased after

dust additions (Figure 4). Although this increase was not found
to be statistically significant among treatments, it may still
represent a meaningful finding. It has been shown that pigment
ratios generally present small variations due to co-variations
of pigments and chlorophyll-a (Trees et al., 2000; Rodríguez
et al., 2006). In the DUNE experiment, a similar chlorophyll-
a and production response pattern was observed, with primary
production presenting 2-fold increase 24 h after dust addition
while chlorophyll increased rather gradually (Ridame et al.,
2014). In that study, it was found that cellular pigment

concentrations increased after dust additions (Giovagnetti et al.,
2013).

The normalized-to-chlorophyll production of larger cells was
estimated to be much higher than that of picoplanktonic cells,
implying that larger cells were more efficient in producing
organic carbon per unit of chlorophyll a. In particular,

picoplankton was found to account for approximately 60% of
the total chlorophyll and 40% of the total primary production,
while the respective contributions of the >2 µm cells were 40
and 60%. Such a disproportionate contribution of picoplankton
cells to phytoplankton biomass and production has been also

reported in previous studies (Marañón et al., 2001; Fernández
et al., 2003), and it has been suggested to result from
the higher light utilization efficiency of larger phytoplankton
cells.

Pigment/CHEMTAX analysis (Figure 7) generally
reproduced the response patterns observed by cell counts
(Figure 5) and enabled the identification of the major

phytoplankton taxa present in our experiment (Synechococcus,
Pelagophytes, and Prymnesiophytes). In combination
with cell counts, pigment/CHEMTAX analysis showed
that Prymnesiophytes belonged both to picoplankton and
nanoplankton size class while Pelagophytes belonged entirely
to picoplankton (Table 4). The combination of all methods
(pigment/CHEMTAX analysis, cell counts and fluorometric
chlorophyll-a measurements per size fraction) enabled also
the determination of some characteristics of the three groups,
such as cellular pigment concentrations and C:Chla ratios
(Table 5). For example, the cellular zeaxanthin content of
Synechococcus was found to be 0.67 fg cell−1 on average. This
value is lower than values reported from cultures under nutrient
replete conditions (Kana et al., 1988), but within the range
of values reported from the DUNE experiment with natural
surface populations (Giovagnetti et al., 2013). Studies have
shown that nutrients regime may influence the cellular content
of pigments and that under nutrient-depletion conditions,
as is the case of Mediterranean surface waters, the pigment
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content may be reduced (Kana and Glibert, 1987; Morel et al.,
1993; Henriksen et al., 2002). In the DUNE experiment, for
example, where the concentrations of mineral nutrients after
dust additions increased by several-folds, much more than in
our experiment (e.g., >20-fold for NO−

3 reaching concentrations
>3 µM), it was found that cellular zeaxanthin content increased
(Giovagnetti et al., 2013; Ridame et al., 2014). In our study,
the estimated cellular pigment concentrations and C:Chla
ratios of specific phytoplankton groups in our experiments,
were not found to be significantly affected by dust additions.
This may be attributed to the relatively smaller amounts of
mineral nutrients released from dust particles (e.g., <60 nM for
NO−

3 ).
It is worth mentioning that, while such specific phytoplankton

parameters are of great importance for both experimental
and modeling studies, it is particularly difficult to assess their
actual values when dealing with complex datasets from natural
populations. The present mesocosm experiments offer valuable
estimates for those parameters and specific results are here
summarized for the CNT mesocosms. Our estimates of the
cellular chlorophyll-a content (Table 4) are generally within
the range of values reported so far for picoplankton which
are derived considering together prokaryotic and eukaryotic
cells of size <2 µm (Brunet et al., 2006, 2008; Giovagnetti
et al., 2013). In our study, due to the absence of large
sized cells and the few phytoplankton taxa present, we
were able to provide separate values for prokaryotic and
eukaryotic cells. Our results showed that Synechococcus presented
much lower cellular chlorophyll-a concentrations than pico-
eukaryotes (Table 4), while they presented the highest C:Chla
ratios (∼140). All these estimates should be generally used
with caution since they are strongly affected by both the
pigment:Chla ratios used and the chosen carbon conversion
factors. In particular, CHEMTAX optimizes pigment:Chla ratios
for each specific data set (Mackey et al., 1998), which in
our case concerns populations in surface ultra-oligotrophic
waters collected in early summer and consequently may not
be relevant in other areas, depth layers or seasons. Moreover,
a higher cellular carbon concentration for Synechococcus, e.g.,
250 fg C cell−1 (Kana and Glibert, 1987), would result in
a C:Chla ratio around 235, while higher cellular carbon
concentrations for pico-eukaryotes, such as 530 fg C cell−1

(Worden et al., 2004) and 836 fg C cell−1 (Verity et al.,
1992) would result in a C:Chla around 24 and 38, respectively.
In spite of the variability of estimates, our results showed
that there were differences in the intrinsic properties between
Synechococcus and pico-eukaryotes populations which may
be indicative of their different response patterns to dust
additions.

Moreover, the estimated C:Chla of the entire phytoplankton
assemblage which ranged between 62 and 101, as derived
from phytoplankton carbon biomass and total chlorophyll
measurements, seems as a rough mean value of the
cellular C:Chla ratios of the major phytoplankton groups
reported above. This highlights the fact that C:Chla ratio,

a parameter often requested in modeling studies and used
as a constant (Tsiaras et al., in review), varies in function
of both carbon biomass and cellular chlorophyll as well as
in function of community composition. Nevertheless, the
estimated range of C:Chla in our study is in accordance
with values reported from surface oligotrophic waters in
the Aegean Sea (Lagaria et al., 2016), the Sargasso Sea
(Malone et al., 1993), and the Atlantic Ocean (Marañón,
2005).

In summary, Saharan dust additions representing two
different patterns of natural atmospheric deposition events in
ultra-oligotrophic seawater of the eastern Mediterranean Sea
during early summer, resulted in stimulating phytoplankton
production and to a lesser degree carbon biomass for a time
period of 6 days. The two patterns of dust deposition events
(SA and RA) tested in our study were found to have similar
impact on the system. Our results showed that picoplankton was
quickly favored by the small amounts of new nutrients released
from dust particles, especially from bioavailable phosphorus,
to be followed by nanoplankton cells, 2 days later, mostly
favored by increased mineral nitrogen levels. Additionally,
our findings highlighted differences in the intrinsic properties
(cellular pigment amounts, C:Chla ratios) of prokaryotic and
eukaryotic cells. Our study indicates that Saharan dust deposition
events taking place in the east Mediterranean Sea may be
significant over the ecological timescales of some days to 1
week and further highlights the importance of atmospheric
deposition on the productivity and functioning of LNLC
ecosystems.
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