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The effect of episodicity of Saharan dust deposition on the pelagic microbial food

web was studied in the oligotrophic Eastern Mediterranean by means of a mesocosm

experiment in May 2014. Two different treatments in triplicates (addition of natural

Saharan dust in a single-strong pulse or in three smaller consecutive doses of the

same total quantity), and three unamended controls were employed; chemical and

biological parameters were measured during a 10-day experiment. Temporal changes

in primary (PP) and bacterial (BP) production, chlorophyll a (Chl a) concentration and

heterotrophic bacteria, Synechococcus andmesozooplankton abundance were studied.

The results suggested that the auto- and hetero-trophic components of the food web

(at least the prokaryotes) were enhanced by the dust addition (and by the nitrogen

and phosphorus added through dust). Furthermore, a 1-day delay was observed for

PP, BP, and Chl a increases when dust was added in three daily doses; however,

the maximal values attained were similar in the two treatments. Although, the effect

was evident in the first osmotrophic level (phytoplankton and bacteria), it was lost

further up the food web, masked under the impact of grazing exerted by predators

such as heterotrophic flagellates, ciliates and dinoflagellates. This was partly proved by

two dilution experiments. This study demonstrates the important role of atmospheric

deposition and protist grazing when evaluating the effect on oligotrophic systems

characterized by increased numbers of trophic levels.

Keywords: natural Saharan dust, Eastern Mediterranean, mesocosm, plankton food web, grazing

INTRODUCTION

Atmospheric deposition is an important source of macro-nutrients and micro-trace metals to the
ocean (Jickells et al., 2005; Mahowald et al., 2008). In high-nutrient low-chlorophyll (HNLC) areas,
dust deposition provides iron to the ocean surface and therefore stimulates phytoplankton growth
rate and ocean productivity (Martin, 1990; Jickells et al., 2005; Boyd et al., 2007). In low-nutrient
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low-chlorophyll (LNLC) areas, dust deposition also affects
the productivity and function of the ecosystem through the
simultaneous input of phosphate and iron (Blain et al., 2004;
Mills et al., 2004; Marañón et al., 2010).

The Eastern Mediterranean is a typical LNLC environment.
The low nutrient concentrations, caused by the lack of large
rivers in the eastern basin and deteriorated by the Mediterranean
anti-estuarine circulation, together with the nitrate:phosphate
(N:P) ratio in the deep layers of ca. 28:1, far in excess of the
Redfield ratio of 16:1, result in a P-limited system (Krom et al.,
1991, 2005a; Kress and Herut, 2001). After the winter-spring
bloom period and during the summer (warm) stratification
period, inorganic nutrient concentrations are extremely low in
the surface layers. A Lagrangian experiment in the Levantine
Sea suggested bacterioplankton limitation by phosphorus (P) and
phytoplankton co-limitation by nitrogen (N) & P in the summer
(Krom et al., 2005b; Pitta et al., 2005; Thingstad et al., 2005;
Zohary et al., 2005). A mesocosm experiment, conducted in the
Cretan Sea during late summer, using a comparable, in terms
of nutrient content, but different water mass, supported these
findings (Pitta et al., 2016). However, N-limitation of primary
production (Lagaria et al., 2011) and N & P co-limitation of
heterotrophic prokaryote growth (Tanaka et al., 2011) have also
been found during summer time in the Levantine Basin during
microcosm experiments, although the ratio N:P in both dissolved
and particulate organic fractions suggested P starvation.

The Mediterranean Sea receives one of the highest inputs
of atmospheric dust in the contemporary ocean throughout the
year, mainly from the Sahara Desert (20–50 × 106 tons yr−1,
Guerzoni et al., 1999). Therefore, during the warm stratification
period of limited nutrient availability, Saharan dust is not only a
significant but the dominant supplier of inorganic nutrients and
trace metals to the surface layers of the Eastern Mediterranean.
A lot is known about the mineralogical composition, the
transformation during Aeolian transportation and the chemical
fate of the Saharan dust in the surface layers of theMediterranean
Sea (Guerzoni et al., 1999; Desboeufs et al., 2014). However,
the effect of dust deposition on the biological productivity
and function of the surface pelagic ecosystem have been much
less studied. To fill this knowledge gap, both microcosm and
mesocosm experiments were performed.

Microcosm experiments, conducted at both the Western and
the Eastern Mediterranean, have provided a lot of information
on biological processes and biomass; however, the results of these
experiments are very fragmented. For instance, a microcosm
experiment conducted in Blanes Bay, Spain, in May 2006,
resulted in an increased bacterial abundance and production and
in altered bacterial diversity (Lekunberri et al., 2010; Romero
et al., 2011) but, in terms of phytoplankton, it produced increases
only in autotrophic nanoflagellates (Romero et al., 2011). Two
microcosm experiments conducted in August 2003 and 2006,
using water from the DYFAMED station, reported increases
in primary production (Bonnet et al., 2005) and bacterial
abundance and respiration (Pulido-Villena et al., 2008). Only
one microcosm experiment, conducted earlier (May 2002) in the
Eastern Mediterranean, provides information on both biomass
and rates of the auto- and hetero-trophic components of the food

web as well as on P uptake and, at the same time, on larger grazers
such as pelagic ciliates (Herut et al., 2005).

Although, providing valuable information in many aspects, all
microcosm experiments suffer from a main drawback, which is
the experimental volume; microcosms are usually small-volume
(<10 or a few tens of liters) bottles. For this reason, only the lower
trophic food web can be studied; no results can be obtained on
zooplankton because the natural zooplankton density is too low.
Furthermore, the duration of microcosm experiments cannot
easily exceed 2–3 days so only the short-scale effects may be
studied. Finally, modern molecular techniques requiring large
sampling volumes cannot be used.

One way to overcome these difficulties is to perform
mesocosm experiments, i.e., large-volume experimental set ups
which allow hypothesis testing under replicated, controlled,
and repeatable conditions as close as possible to the natural
environment. Two large-scale in situ mesocosm experiments
took place in the Western Mediterranean, in 2008 and 2010,
in order to study the effect of Saharan dust on the pelagic
environment. The available information on the biological
processes from these two experiments comes from four
publications that focus on either the autotrophic (Giovagnetti
et al., 2013; Ridame et al., 2014) or the heterotrophic (Laghdass
et al., 2011; Pulido-Villena et al., 2014) component of the food
web. During the 2008 experiment, a single-dose dust addition
resulted in a 2-fold increase in the Chl a concentration (Laghdass
et al., 2011) but the heterotrophic bacterial abundance was not
affected; total and active bacterial community clustered according
to the sampling time points but independently of treatment.
During the 2010 experiment, during which dust was added in
two doses, the results were more or less similar regarding the
heterotrophic component (Pulido-Villena et al., 2014). As far
as the autotrophic component is concerned, Giovagnetti et al.
(2013) showed differential responses of different size fractions
to the dust addition, with picophytoplankton increasing mainly
after the first seeding while the second addition led to an increase
in both pico- and nano/microphytoplankton.

However, there is very scarce or no information published
on biological productivity, either primary (in only Ridame et al.,
2014) or bacterial production. In addition, the impact of grazing
was only studied as far as heterotrophic flagellates are concerned;
the effect of larger grazers such as pelagic ciliates is missing,
even though ciliates constitute one of the major grazing groups
in the oligotrophic Mediterranean (Pitta et al., 2001). The
effect of dust addition on meso-zooplankton is also missing.
Finally, often phytoplankton is examined only in relation to
nutrient availability and heterotrophs only in relation to grazing
although it is well-known that very complex trophic relationships
characterize the microbial food web, especially in oligotrophic
environments with resource scarcity.

In order to study the effect of Saharan dust on the
oligotrophic Eastern Mediterranean, two mesocosm experiments
were performed in Crete, in 2012 and 2014. To our knowledge,
these are the first experiments that studied the biological response
of the entire pelagic food web while, at the same time, a lot of
attention was given to the chemical changes occurring after the
dust addition. During the 2012 experiment, the addition of either
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natural pure Saharan dust or mixed aerosol (desert dust and
polluted particles) into the ultra-oligotrophic environment of the
EasternMediterranean in a single pulse resulted in a net response
of both the auto- and the hetero-trophic components (Tsagaraki
et al., in review).

The 2014 mesocosm experiment, presented here, studied the
effect of dust deposition on the entire pelagic microbial food
web of the Eastern Mediterranean when added in multiple,
successive dust pulses. It is widely recognized that dust deposition
is highly episodic, generally occurring in either single, strong
events during which a large quantity of dust is added to the
ocean surface within a very short time-scale of hours, or in
repetitive, smaller events during which small quantities of dust
are added into the sea repetitively, over a number of days
(Vincent et al., 2016 and references therein). The 2012 mesocosm
experiment was a simulation of the former case while the 2014
experiment was a comparison of both cases. To our knowledge,
these two experiments are the first mesocosm studies in which
naturally collected aerosols, not dust analogs, were used in the
Mediterranean.

In May 2014, during a 10-day experiment, daily sampling
allowed the disclosure of the rapid biological processes of a highly
oligotrophic environment when nutrients are offered via dust.
All groups, from viruses through bacteria, phytoplankton, and
protozoa to zooplankton were examined in terms of abundance,
production, and/or community composition.

The goals of this experiment were (1) to estimate the
influence of dust addition on the microbial food web of the
Eastern Mediterranean, (2) to investigate whether the quantity
and episodicity of dust addition influence the dynamics of
different components of the food web in terms of abundance
and/or production, and (3) to examine the role of grazing of
microzooplankton on different fractions of phytoplankton and
also on the way the impact of dust addition on the lower food
web is finally perceived.

MATERIALS AND METHODS

Mesocosm Experimental Design and
Sampling
Amesocosm experiment took place inMay 2014 at themesocosm
facility of HCMR CRETACOSMOS (http://cretacosmos.eu) in
Crete, Greece, in the framework of the project ADAMANT. To
fill the mesocosms, 27 m3 of water were collected on the 8th
and 9th of May aboard the R/V Philia from a site five nautical
miles off the north coast of Crete (35◦ 24.957 N, 25◦ 14.441 E).
Sub-surface water from 10m depth was pumped into several
1 m3 high-density polyethylene (HDPE) barrels by means of a
submersible water pump. All equipment had been previously
aged for at least 1 week with tap water; subsequently, in order
to avoid contamination in the highly oligotrophic conditions
prevailing in this environment, all equipment used, including
the HDPE barrels, were washed with HCl (10%) and rinsed
three times with de-ionized water. After filling, the 1 m3 barrels
were shipped to the Heraklion harbor and then transported by
truck to the mesocosm facility on the north coast of Crete, 15

km east of Heraklion. From the filling of the barrels on board
to their final arrival at HCMR, on average, transport took 2
h; during this time, the water temperature inside the barrels
was kept unchanged by constantly pouring sea water on the
barrels. Upon arrival at the mesocosm facility, the water was
gravity-poured into nine mesocosms (polyethylene bags, 1.32m
diameter) of 3 m3 each. Special care was taken to divide the
water equally from each of the 1 m3 barrels among all nine
mesocosms in order to ensure homogeneity of initial conditions.
The mesocosms were submerged in a 150 m3 concrete tank,
with running surface sea water that kept the temperature stable
throughout the experiment, at the levels prevailing at the site
and depth from which water was collected (20 ± 0.5◦C). Each
mesocosm was covered by a two-layered lid which protected
it from atmospheric deposition and also mimicked the light
conditions at 10m depth from where the water was pumped.
Once the filling of mesocosms was completed, the water was left
overnight.

The experiment started on the day after (May 10th, Day
0). Two different dust treatments were tested in triplicate
mesocosms. In the first treatment (hereafter referred to as SA:
single addition), Saharan dust was added only once, on the
first day of the experiment (May 10th, Day 0). Four grams of
natural Saharan dust collected in Crete and Cyprus (see below)
were added in each of the three SA mesocosms, this quantity
representing a concentration of 1.3mg L−1. In the second
treatment (hereafter referred to as RA: repetitive addition), the
same total quantity as for SA but divided into three doses, was
added to each of the three RA mesocosms, on the first 3 days
of the experiment (May 10th, 11th, and 12th, Days 0, 1, and 2,
respectively); details on the quantities of dust added are shown
in Table 1. Three more mesocosms were used as the Control,
where no addition was performed (hereafter referred to as Cnt).
The dust addition by weight (in both treatments) is considered
representative of a realistic dust deposition event of 0.7 g m−2

day−1 (Gerasopoulos et al., 2006; Ternon et al., 2010).
Mixing in the mesocosms was achieved by light bubbling

using a PVC tube of diameter 4 cm, creating an airlift from
just above the bottom of the mesocosms and releasing the
water and bubbles under the surface to avoid damaging the
delicate planktonic organisms. All mesocosms were sampled
daily throughout the 10-day experiment. Samples were taken
by means of silicon tubes, permanently placed in all nine
mesocosms, which directed the water to sampling carboys by
creating a light suction using a large-volume syringe. All nine
silicon tubes and sampling carboys were previously aged, washed
with HCl (10%) and rinsed three times with de-ionized water.
They were also washed and rinsed three times with de-ionized
water before every daily sampling.

Dilution Experiment
The growth rate of different phytoplankton groups and the
grazing mortality exerted by microzooplankton in the Cnt and
the SA treatment were measured on Days 2 and 4 by the dilution
technique (Landry and Hassett, 1982), following the protocols
of Landry et al. (2003). The dilution series was prepared using
unfiltered seawater at 25, 50, 75, and 100%. The particle-free
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TABLE 1 | Quantity and concentration of dust added to mesocosms, in SA

(Day 0) and RA (Days 0, 1, 2).

Dust added Quantity added (g) Concentration (mg L−1)

Cnt1 0 0

Cnt2 0 0

Cnt3 0 0

SA1 (Day 0) 4.02 1.34

SA2 (Day 0) 4.01 1.33

SA3 (Day 0) 4.00 1.33

RA1 (Day 0, Day 1, Day 2) 4.04 (1.00; 2.01; 1.03) 1.35

RA2 (Day 0, Day 1, Day 2) 4.02 (1.01; 2.01; 1.01) 1.34

RA3 (Day 0, Day 1, Day 2) 4.11 (1.04; 2.01; 1.07) 1.37

In parentheses, quantities added on three consecutive days, 0, 1, and 2. Cnt = Control

mesocosms (no addition), SA= single addition, mesocosms where dust was added once,

on the first day of the experiment, RA = repetitive addition, mesocosms where the same

quantity of dust was added, divided into three doses, on the first 3 days of the experiment,

Days 0, 1, and 2.

seawater was prepared from 10 L of water collected from the
three Cnt replicates, which was then mixed and filtered by gravity
through 0.2µm capsules (Pall Corporation). The filtered water
was put into 2 L polycarbonate bottles, which were then gently
filled with unfiltered water (collected from the Cnt or the SA
mesocosms) and incubated in the large concrete tank under
the same conditions as the mesocosms for 24 h. All bottles and
tubes used in the experiment were washed with 10% HCl and
deionized water and rinsed with the incubated seawater. Samples
for measuring Synechococcus, pico-eukaryote and autotrophic
flagellate abundance were taken at T0, from the unfiltered water,
and at the termination of the experiment.

The apparent prey growth rate (AGR) was estimated using
the equation: AGR (day−1) = ln (Ct/C0)/t, where Ct and C0

are the final and initial concentrations of the prey organisms,
respectively, and t is the time of incubation [day]. AGR was
estimated for both pico- and nano-size fractions. The rates
of growth and grazing mortality were calculated by the linear
regression of AGR vs. the dilution factor. The absolute value of
the slope of the regression is the grazing rate m (day−1) and
ordinal intercept (y-intercept) of the regression is the growth rate
µ in the absence of grazing (day−1; Landry and Hassett, 1982;
Landry et al., 2003).

Dust Collection
The dust samples used for the mesocosm experiment were
collected weekly or on a dust-event basis over a period of
more than a year (October 2012–March 2014) from the East
Mediterranean (Crete and Cyprus). Figure 1A presents the
temporal distribution of the collected dust dry deposition.
Overall, 83% of the total dust mass added was collected in
Heraklion, Crete (35% was collected during an intensive dust
event period from 1 to 9 June 2013), and the remaining
17% was collected in Larnaca, Cyprus. These dry deposition
samples were mixed, homogenized by stirring and chemically
characterized for nutrients and metals before being added in the
mesocosms.

Chemical Analyses of Dust
Anions/Cations
A Dionex AS4A-SC column with ASRS-300 4 mm suppressor in
auto-suppression mode of operation was used for the analysis
of anions (Cl−, Br−, NO−

3 , SO
2−
4 , HPO2−

4 , C2O
2−
4 ) in aerosol

extractions. All the anions were determined with isocratic elution
at 1.5mL min−1 of Na2CO3/NaHCO3 eluent. For the cations
(Na+, NH+

4 , K
+, Mg2+, and Ca2+), a CS12-SC column was

used with a CSRS-300 4mm suppressor. Separation was achieved
under isocratic conditions with MSA (20mM) eluent at a flow
rate of 1.0mL min−1. The reproducibility of the measurements
was>2% and the detection limit was about 1 ppb for both anions
and cations. Mean blank values were 5–10 ppb for Na+; Ca2+ and
<3 ppb for the rest of the main anions and cations. Details on
the chromatographic conditions are reported in Bardouki et al.
(2003).

Metals (Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Sb, Pb)

and Total Phosphorus (TP)
Metals and TP in the dust were measured by acid digestion
with concentrated nitric acid (puriss. p.a., Fluka Prod. No.
84380) under controlled conditions [Berghof Microwave
System-2, Teflon vessels (DAP—60 K, 60 mL/40 bar)]. After
cooling at room temperature, the digested solution was
transferred to an acid-cleaned polyethylene container and
stored in the freezer. The obtained solutions were analyzed
by an Inductively Coupled Argon Plasma Optical Emission
Spectrometer (ICP-OES), which uses an Echelle optical
design and a Charge Injection Device (CID) solid-state
detector (iCAP 6000 spectrometer by Thermo). Recoveries
obtained with the use of certified reference materials (MESS-
3) ranged from 90.0 to 104.1% (Paraskevopoulou et al.,
2015).

Water Soluble Organic Carbon (WSOC) and Total

Dissolved Nitrogen (TDN)
A total organic carbon (TOC)/total nitrogen (TN) analyser
(Model TOC-VCSH/CSN Analyser, Shimadzu) was used to
determine theWSOC and TDN in the dust. A portion of the dust
was extracted with ultra-pure Milli-Q water using an ultrasonic
bath (15min × 3 times). The extracts were filtered with a disc
filter [polyethersulfone membrane (PES) filters, 0.45µm pore
size diameter] to remove suspended particles and injected into
the analyser, according to the protocol described inMiyazaki et al.
(2011).

Water-Soluble Organic Nitrogen (WSON)
WSON was determined by subtracting Inorganic Nitrogen
(NO−

3 and NH+

4 ) from the Total Dissolved Nitrogen (TDN).

Chemical Analyses in Sea Water Samples
Total Organic Carbon (TOC) Analysis
TOC concentration was measured by the high-temperature
catalytic oxidation method with a total organic carbon (TOC)
analyser (Model TOC-VCSH/CSN Analyser, Shimadzu), according
to protocol described in Sempéré et al. (2002). Prior to analysis,
sea water samples (20mL) were transferred in glass vials
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FIGURE 1 | (A) Temporal distribution of the collected dust deposition samples in Crete and Cyprus during a 1-year period (October 2012–November 2013). The

dates correspond to the end of the dust collections, while the x axis represents the percentage contribution of each dust sample (in mass) to the total mass of the

added dust, (B) Chemical characterization of the dust used in the mesocosm experiment. Only 8% of the dust mass was characterized.

(pre-combusted at 450◦C for 6 h) and acidified with 20µL
H3PO4 (85%).

Particulate Metals (Fe, V, Cr, Ni) and Particulate Total

Phosphorus (TP-Particulate)
Particulate metals (Fe, V, Cr, Ni), including TP-particulate, in
sea water samples were measured by acid digestion of GFF
filters (pre-combusted at 450◦C for 6 h) with concentrated nitric

acid (puriss. p.a., Fluka Prod. No. 84380) following the protocol
described above for metal analysis.

Total Dissolved Nitrogen (TDN) and Dissolved

Organic Nitrogen (DON)
A total nitrogen (TN) analyser (Model TOC-VCSH/CSN Analyser,
Shimadzu) was used to determine the total dissolved nitrogen
(TDN) in sea water samples, according to Miyazaki et al. (2011).
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Prior to analysis, sea water samples (1,000mL) were filtered with
a GFF filter (pre-combusted at 450◦C for 6 h) and the extracts
were injected into the analyser. The concentration of DON was
determined by subtracting inorganic nitrogen (NO−

3 and NH+

4 )
from the total dissolved nitrogen (TDN).

Total Dissolved Phosphorus (TDP)
Total dissolved phosphorus (TDP) concentrations were
measured by autoclave-assisted persulfate oxidation followed
by the standard phosphomolybdenum blue method by using
a10-cm quartz cell, according to the protocol described in Lin
et al. (2012). Prior to analysis, 1,000mL of each sea water sample
were filtered with a GFF filter (pre-combusted at 450◦C for 6 h).

Inorganic Nutrients, Particulate Organic C and N
Water samples were analyzed daily for phosphate according to
the MAGIC method (Rimmelin and Moutin, 2005), for silicate,
nitrite, and nitrate according to Strickland and Parsons (1972),
and for ammonium according to Ivancic and Degobbis (1984).
The detection limits were 0.8 nM for phosphate, 0.017µM for
nitrate, 0.019µM for ammonium, and 0.025µM for silicate.

Particulate organic carbon (POC) and nitrogen (PON) were
determined using a Perkin Elmer 2,400 CHN Elemental Analyser
according to the procedure described by Hedges and Stern
(1984).

Chlorophyll a
Concentration of size-fractionated chlorophyll a (Chl a) was
measured daily in all mesocosms according to Holm-Hansen
et al. (1965). In the present study, only total Chl a concentrations
are presented. For methodology and details on size-fractionation
values, see Lagaria et al. (2017, this SI).

Primary and Bacterial Production
Primary production (PP) was measured daily in all mesocosms,
using the 14C incorporationmethod of Steemann-Nielsen (1952).
In the present study, only total PP values are presented. For
methodology and details on size-fractionation values, see Lagaria
et al. (2017, this SI).

Bacterial production (BP) was estimated by the 3H-leucine
method (Kirchman et al., 1986) as modified by Smith and Azam
(1992). For each mesocosm, SA, RA, and Cnt samples (1.5mL)
in duplicate were incubated with a mixture of L-[4,5 3H]-leucine
(Perkin Elmer, 115 Ci msol−1) and non-radioactive leucine to a
final concentration of 20 nM. Samples were incubated for 2 h in
the dark at in-situ temperature, after which they were fixed and
treated following the micro-centrifugation protocol (Smith and
Azam, 1992), as described in detail by VanWambeke et al. (2008).
In brief, incubations were terminated after 2 h by the addition
of trichloroacetic acid (TCA). Samples were then centrifuged at
16,000× g and the resulting cell pellet was washed twice with 5%
TCA and with 80% ethanol. Incorporation of 3H- leucine into
the TCA-insoluble fraction was measured by liquid scintillation
counting (Packard Tri-Carb 4000TR) after resuspension of the
cell pellet in a scintillation cocktail (Ultima-Gold). Bacterial
production was calculated according to Kirchman (1993), from
3H-leucine incorporation rates. Duplicate incubations had an

analytical error of <10%. Concentration kinetics optimization
was also performed to ensure that the bacterial growth was not
limited by the concentration of leucine.

Chlorophyll-normalized production was calculated for
phytoplankton (by dividing primary production by Chl a) and
Specific Growth Rate (SGR) for bacteria (by dividing bacterial
production by bacterial biomass).

Plankton Abundances
Viruses, Heterotrophic Bacteria, Cyanobacteria,

Autotrophic Pico-Eukaryotes
The abundance of viruses, heterotrophic bacteria, cyanobacteria
Synechococcus spp. and autotrophic pico-eukaryotes was
obtained by flow cytometric analyses on a daily basis. A
FACSCaliburTM was used (Becton Dickinson), equipped with an
air-cooled laser at 488 nm and standard filters. Milli-Q water
was used as sheath fluid. Samples were run at high speed for 1
min for viral and heterotrophic bacteria counts and for 3 min for
cyanobacterial counts and pico-eukaryotes. Multifluorescence
beads (1µm, Polysciences) were used as an internal standard
of fluorescence at all runs. The exact flow rate of high speed
performance was measured on a daily basis. Abundance was then
calculated using the acquired cell counts and the respective flow
rate. All flow cytometry data were acquired with the CellQuest
Pro package (Becton Dickinson).

Samples (2mL) for viral and heterotrophic bacteria counts
were fixed and processed according to Brussaard (2004) and
Marie et al. (1999), respectively. Briefly, fixation was achieved
with 0.2µm pre-filtered 25% glutaraldehyde at 0.5% final
concentration. Samples were then kept at 4◦C for ∼20min,
deep frozen in liquid nitrogen and finally stored at −80◦C until
enumeration. For viral counts, samples were thawed at room
temperature and then diluted in Tris-EDTA buffer (TE, 10 mM
Tris and 1 mM EDTA, pH = 8) in order to achieve a flow
rate of between 100 and 700 events s−1. Freshly-made TE was
autoclaved and 0.2µm filtered immediately prior to dilution.
Staining was conducted with SYBR Green I nucleic acid dye
(Molecular Probes) at a final dilution 5 × 10−5 of the stock
solution and then incubated for 10 min at 80◦C. Viruses were
grouped into three groups according to their SYBR Green I
fluorescence intensity (low, medium, and high DNA content).
For heterotrophic bacteria counts, samples were thawed at room
temperature and stained with SYBR Green I nucleic acid dye at a
final dilution 4× 10−4 of the stock solution. The stained samples
were incubated for 10 min in the dark. Heterotrophic bacteria
were grouped into two groups according to their SYBR Green I
fluorescence intensity (low and high DNA content).

Cyanobacteria Synechococcus spp. and autotrophic
pico-eukaryotes were counted fresh, without fixation and
staining steps, using their characteristic autofluorescence
chlorophyll/phycoerythrin signals.

Abundance data were converted into C biomass using 20 fg
C cell−1 for heterotrophic bacteria (Lee and Fuhrman, 1987)
and 250 fg C cell−1 for Synechococcus (Kana and Glibert, 1987).
The biovolume of autotrophic pico-eukaryotes was calculated
assuming they are spherical with diameter 1.7µm. Biovolumes
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were then converted into C biomass using 183 fg Cµm−3 (Caron
et al., 1995).

Auto- and Hetero-Trophic Flagellates
Samples (20 mL) for flagellate counting were collected daily until
Day 3 and every other day afterwards, fixed with glutaraldehyde
(final concentration, 1%), and kept in the dark at 4◦C. Flagellate
cells were concentrated to ca. 10 mL on a 25 mm diameter,
0.8µm pore-sized black polycarbonate filter, stained with 4′6-
diamidino-2-phenylindole (DAPI: 1µg mL−1) for 10 min, and
finally collected on the filter (Porter and Feig, 1980). The filters
were mounted on slides and stored frozen (−20◦C). Autotrophic
and heterotrophic flagellates (AF, HF) were examined on at least
50 fields at 1,000×, using UV and blue excitations under an
Olympus BX60 epifluorescence microscope. All cells were sized
and divided into five categories (2–3, 3–5, 5–7, 7–10, >10µm)
using an ocular micrometer in at least 50 fields.

Formulas of approximate geometric shapes were used to
calculate the biovolume of heterotrophic flagellates (W2 L π/6
where L and W are the measured length and width of the cell,
respectively). Biovolumes were converted into C biomass using
183 fg C µm−3 (Caron et al., 1995).

Microplankton (Diatoms, Coccolithophores,

Dinoflagellates, and Ciliates)
Samples for diatom, coccolithophore, and dinoflagellate
enumeration were collected on Days 0, 2, 4, 6, and 9, fixed with
alkaline Lugol’s solution (2% final concentration), and stored
at 4◦C until counting. For the analysis, 100 mL samples were
left to sediment for 24 h (Utermöhl, 1958) and then observed
under an Olympus IX70 inverted microscope. Organisms larger
than 10µm were distinguished into diatoms, dinoflagellates,
coccolithophores, and other flagellates, and identified down to
genus or species level where possible.

Samples for ciliate enumeration were collected daily until Day
3, and every other day afterwards, fixed with acid Lugol’s solution
(2% final concentration), and stored at 4◦C until counting. For
the analysis, 100mL samples were left for 24 h sedimentation
and examined using an Olympus IX70 inverted microscope,
equipped for phase contrast, at 150× magnification. Ciliates
were distinguished into loricate species (hereafter referred to
as tintinnids, order Tintinnida) and aloricate ones (hereafter
referred to as aloricates, further distinguished into size-classes,
orders Oligotrichida, and Choreotrichida) and identified down
to genus or species level where possible. Ciliate cell sizes
were measured by means of image analysis and converted into
biovolumes by approximation to the nearest geometric shape
from measurements of cell length and width. Biovolumes were
converted into C biomass using 190 fg C µm−3 (Putt and
Stoecker, 1989).

Mesozooplankton
The total abundance (ind m−3) and biomass (mg C m−3) of
metazoans were determined at the start and termination of
the mesocosm experiment. The initial stock of metazoans was
measured by filtering, through a 45 µm net, water pumped from
10m depth (collected as described above, to fill the barrels for

the mesocosms). At the end of the experiment, the content of
each of the mesocosms was also filtered through the 45 µm net.
All samples were preserved with a 4% buffered-formaldehyde
seawater solution (Postel et al., 2000). A known fraction of
each sample was scanned on a flatbed scanner at 4,800 dpi
then image analysis was completed using the software Image-
pro plus, processing similarly to Frangoulis et al. (2016). In each
fraction, 1,000–2,000 organisms were identified and measured.
Organisms <100µm were not identifiable when looking at
the images, therefore in the following text, “mesozooplankton”
corresponds to the captured metazoans >100µm. The sizes of
metazoans were converted to carbon based on literature size-
carbon relationships (Alcaraz and Calbet, 2003).

Statistical Analysis
The quality of the mesocosm replication during the experiment
was evaluated based on the coefficient of variation (CV =

Standard deviation/average) of several variables (Chl a, primary,
and bacterial production, etc.).

A repeated measures ANOVA (RM-ANOVA) was used to
compare the values of the variables between the Cnt, SA, and
RA mesocosms. The grouping factor was the Cnt vs. SA, RA
mesocosms, and “experimental day” (Day 0–9) was treated as a
repeated measure, i.e., treatment was considered the between-
subjects factor and “experimental day” the within-subjects
factor. Subsequently, the post-hoc Tukey test was employed for
comparison of each variable between different dust additions.

On individual experimental days, one-way analysis of variance
(1Way-ANOVA) was used to compare variables between the
Cnt, SA and RA. Following the 1Way-ANOVA, significance of
differences was checked by means of Tukey’s HSD test.

RESULTS

Characterization of Dust Particles Used in
the Mesocosm Experiment
Only a small fraction (about 8%) of the dust sample was
characterized chemically, with a prevalence of Fe, Al, and Ca
with percentage contributions of 2, 2, and 1%, respectively, and
minor contributions by Co, As, and Sb (Figure 1B). As shown in
Table 2, dust presented a high N:P ratio of ca. 29.

SA (Single Addition) represented a strong dust deposition
event of 3 g m−2 day−1 while in terms of nutrient content,
TDN and TP, it corresponds to daily deposition fluxes of
294.9µmol Nm−2 d−1 and 22.7µmol Pm−2 day−1, respectively,
which are typical for an intense single-day dust event. The
deposition fluxes of inorganic nutrients (DIN and PO3−

4 ) were
estimated at 143.5µmol N m−2 day−1and 5.0µmol P m−2

day−1, respectively, with a DIN/DIP atomic ratio 28.7, which is
higher than the Redfield N:P analogy of 16.

RA (Repetitive Addition) was equivalent to three sequential
dust events with deposition fluxes of 0.7, 1.5, and 0.8 g m−2

day−1. The additions corresponded to deposition fluxes for TDN
of 74.7, 147.6, and 76.0µmol N m−2, respectively, and for TP
of 5.7, 11.3, and 5.8µmol P m−2, respectively. The additions
corresponded to per-event deposition fluxes of DIN equal to
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TABLE 2 | Concentrations and speciation of Phosphorus and Nitrogen

added with dust.

Nutrients added

(nM)

NH+

4 NO−

3 PO3−

4 TDN DON TP DIN/DIP

Nutrient speciation

of dust (µmol g−1)

7.6 41.4 1.7 100.6 51.7 7.7 28.3

SA -Day 0* 10.1 55.2 2.3 134.1 68.9 10.3 28.3

RA -Day 0 2.5 13.8 0.6 33.6 17.3 2.6 28.3

RA -Day 1 5.0 27.3 1.1 66.4 34.1 5.1 28.3

RA -Day 2 2.6 14.1 0.6 34.2 17.6 2.6 28.3

*Nutrients added were calculated according to the amount of the dust inputs divided by

mesocosm volume (3,000 L). SA = single addition, mesocosms where dust was added

once, on the first day of the experiment, RA = repetitive addition, mesocosms where the

same quantity of dust was added, divided into three doses, on the first 3 days of the

experiment, Days 0, 1 and 2.

36.3, 71.8, and 37.0µmol N m−2 and of PO3−
4 , equal to 1.3, 2.5,

1.3µmol P m−2, respectively.

Results from the Mesocosm Experiment
Throughout the experiment, replication between the mesocosms
of each treatment (within treatment replication) was good.
The coefficient of variation (CV = standard deviation/average)
between the replicate mesocosms ranged, on average, between 3
and 22% for Chl a, 3 and 22% for primary production, 1 and
31% for bacterial production, 1 and 9% for heterotrophic bacteria
counts, and 2 and 15% for Synechococcus counts.

All results are presented as average values followed by the
standard deviation (SD) of three replicates.

Inorganic Nutrients
The initial concentration of inorganic nutrients in the water
used to fill the mesocosms was 62 ± 22 nM DIN (dissolved
inorganic nitrogen) and 6 ± 0.9 nM DIP (dissolved inorganic
phosphorus). The content of the natural dust added was 65.4 nM
DIN and 2.3 nM DIP; in other words, by adding dust into
the treated mesocosms (SA and RA), the initial DIN and DIP
concentration increased 2- and 1.3-fold, respectively, while the
N:P ratio changed from ca. 10:1 to ca. 16:1.

During the first 2 days of the experiment, DIN concentration
ranged from 44 to 82 nM in the Cnt and 47–87 nM in the
RA treatment, while it slightly increased from 21 to 116 nM in
the SA treatment (Figure 2A). After Day 2, DIN concentration
increased 2.2-fold in both SA and RA until they reached the
highest values (135 ± 19 nM) on Day 7 and 4, respectively, after
which concentration decreased in all mesocosms.

Phosphates presented a different pattern (Figure 2B). From
Day 0 to Day 1, PO4 concentration increased by 1.2-fold in SA
and by 1.8-fold in RA (highest values reached in RA, 9.5 ±

1.61 nM PO4), then it sharply decreased until Day 2, after which
it remained stable at low levels. In the Cnt, PO4 concentration
decreased 2.7-fold on the first 2 days, after which it remained
steadily low (<4 nM) throughout the experiment.

Starting from a N:P ratio of ca. 10:1 in the water used to fill
the mesocosms, (Figure 2C) N:P increased to reach values close
to the Redfield ratio on Day 1, then it attained maximum values,

FIGURE 2 | (A) Concentration of DIN (dissolved inorganic nitrogen), (B)

concentration of PO4, and (C) N:P ratio throughout the mesocosm

experiment. Cnt = Control mesocosms (no addition), SA = single addition,

mesocosms where dust was added once, on the first day of the experiment,

RA = repetitive addition, mesocosms where the same quantity of dust was

added, divided into three doses, on the first 3 days of the experiment, Days 0,

1, and 2. Data are mean ± SD of 3 replicates. (A,B) are from Lagaria et al.

(2017), this SI, mod.
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much higher than Redfield, on Day 3 (39:1 in SA, 30:1 in RA, and
27:1 in Cnt). Then it decreased but remained at levels higher than
Redfield until the end of the experiment (34:1 in SA, 24:1 in RA,
and 20:1 in Cnt).

Silicate concentration did not vary throughout the experiment
[0.81± 0.03 µM Si(OH)4, data not shown].

Particulate Organic Nitrogen, Phosphorus, and

Carbon
The concentration of particulate organic nitrogen (PON)
increased by 1.5 times from Day 0 (0.29 ± 0.04µM) to Day 9
(0.45 ± 0.3µM) in both treatments and the Cnt. No significant
differences were found between SA, RA, and Cnt (RM-ANOVA,
P > 0.05; Figure 3A).

Starting from 0.014± 0.002µM on Day 0, particulate organic
phosphorus (POP) concentration decreased to 0.009± 0.002µM
on Day 9 in the Cnt, SA, and RA (Figure 3B). On Day 4,
it reached maximum values in RA (0.018 ± 0.004µM) and
SA (0.016 ± 0.005µM). No significant differences were found
between the two treatments and the Cnt nor between the
treatments (RM-ANOVA, P > 0.05) due to high variability of
values.

From 2.2 ± 0.27µM on Day 0, particulate organic carbon
(POC) reachedmaximum values onDay 2 in SA (5.8± 3.89µM),
Day 3 in RA (4.0 ± 0.24µM), and Day 4 in Cnt (4.2 ± 0.69µM;
Figure 3C). No significant differences were found between the
two treatments and the Cnt, nor between the treatments (RM-
ANOVA, P > 0.05).

FIGURE 3 | Concentration of (A) PON (particulate organic nitrogen), (B) POP (particulate organic phosphorus), (C) POC (particulate organic carbon), (D) DON

(dissolved organic nitrogen), (E) DOP (dissolved organic phosphorus), and (F) DOC (dissolved organic carbon) throughout the mesocosm experiment. Cnt = Control

mesocosms (no addition), SA = single addition, mesocosms where dust was added once, on the first day of the experiment, RA = repetitive addition, mesocosms

where the same quantity of dust was added, divided into three doses, on the first 3 days of the experiment, Days 0, 1, and 2. Data are mean ± SD of three replicates.
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Dissolved Organic Nitrogen, Phosphorus, and Carbon
Dissolved organic nitrogen (DON) concentration varied a lot
during the experiment (Figure 3D). Starting from a value of 1.7±
1.25µM,DON concentration initially peaked onDay 2 in SA (7.7
± 0.64µM) and RA (4.9 ± 0.86µM), then it fluctuated until the
end of the experiment. In the Cnt, there was also a peak on Day 2
(3.9± 1.51µM), followed by a decrease until Day 4 and a second,
smaller increase until Day 9. Due to the high variability of values,
significantly higher DON concentration was found only on Day
2 between SA and the rest of the mesocosms (1Way-ANOVA,
P < 0.01).

Dissolved organic phosphorus (DOP) concentration showed
an important increase until Day 3 in both SA and RA treatments
(Figure 3E, 0.11 ± 0.01µM in SA and 0.13 ± 0.03µM in RA
compared to 0.015 ± 0.006µM on Day 0), then it decreased
until Day 5 and remained at this level (0.04 ± 0.01µM) until
the end of the experiment. DOP concentration was significantly
higher in SA and RA compared to Cnt on Day 3 (1Way-ANOVA,
P < 0.01); however, SA and RA did not differ between them
(1Way-ANOVA, P > 0.05). The Cnt mesocosms also presented
an increase in DOP concentration, although much smaller; DOP
peaked on Day 4 (0.06 ± 0.01µM) and then it dropped to the
same levels as the amended mesocosms.

Only in the SA treatment did dissolved organic carbon (DOC)
concentration present an important increase on Day 2 (129.9
± 61.9µM) compared to Day 0 (78.04 ± 6.04µM), then it
returned to initial levels; in contrast, it remained stable in the
Cnt and RA throughout the experiment (Figure 3F); RA showed
an increase in DOC concentration only on Day 5 compared to
the rest of mesocosms. However, variability was high in many
cases and treatments did not differ significantly between them
(1Way-ANOVA, P > 0.05).

Primary Production and Bacterial Production
Soon after the addition of dust, there was a 2-fold increase in
primary production (PP) in both treatments compared to the
Cnt, in which PP did not change throughout the experiment
(Figure 4A). PP reached the same maximum levels at both
treatments. For details on PP, see Lagaria et al. (2017, this SI).

Throughout the experiment, bacterial production was
significantly higher in both treatments compared to the
Cnt (RM-ANOVA, P < 0.01), which remained unchanged
(Figure 4B). In the SA mesocosms, BP peaked on Day 2 (31.03±
6.72 ng C L−1 h−1), reaching a 2-fold increase, then it declined
continuously to reach minimum values by Day 6 (but higher
than Cnt). In RA, similar maximum BP values were attained but
with a time lag of 1 day. They were then followed by a decrease
until Day 7.

Chlorophyll a
From a low value on Day 0 (0.04 ± 0.004µg L−1), total Chl a
concentration significantly increased after the addition of dust in
SA and RA compared to Cnt (RM-ANOVA, P < 0.01), by 1.7
times in the SA on Day 2 and by 1.6 times in the RA mesocosms
onDay 4 (Figure 5). Chl a increased first in SAwhile RA followed
with a time lag of 1 day; however, the maximum values attained
were similar. For details on Chl a, see Lagaria et al. (2017, this SI).

FIGURE 4 | (A) Primary and (B) bacterial production during the mesocosm

experiment. Cnt = Control mesocosms (no addition), SA = single addition,

mesocosms where dust was added once, on the first day of the experiment,

RA = repetitive addition, mesocosms where the same quantity of dust was

added, divided into three doses, on the first 3 days of the experiment, Days 0,

1, and 2. Data are mean ± SD of 3 replicates. (A) is from Lagaria et al. (2017),

this SI, mod.

Autotrophs
Synechococcus spp. (Syn) density doubled on Day 3 in SA (2.18
× 104 ± 1.02 × 103 cells mL−1) and on day 4 in RA (2.24 ×

104 ± 2.5× 103 cells mL−1) and was significantly higher in both
dust treatments than in the Cnt until the end of the experiment
(RM-ANOVA, P < 0.01, Figure 6A). No significant difference
was found between the two treatments (RM-ANOVA, P > 0.05).
Synechococcus abundance did not change in the Cnt mesocosms
throughout the experiment.

Pico-eukaryote (Peuk) density presented a 2-fold increase in
SA and RA until Days 3 and 4, respectively (time lag of 1 day
between SA and RA), and then it declined until the end of the
experiment (Figure 6B). No differences were found between the
treatments and the Cnt (RM-ANOVA, P > 0.05).

Autotrophic flagellate (AF) abundance, starting from initial
values of 599 ± 105 cells mL−1, decreased in RA and the Cnt

Frontiers in Marine Science | www.frontiersin.org 10 May 2017 | Volume 4 | Article 117

http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive


Pitta et al. Dust Effects on Oligotrophic Sea

FIGURE 5 | Chlorophyll a concentration during the mesocosm

experiment. Cnt = Control mesocosms (no addition), SA = single addition,

mesocosms where dust was added once, on the first day of the experiment,

RA = repetitive addition, mesocosms where the same quantity of dust was

added, divided into three doses, on the first 3 days of the experiment, Days 0,

1, and 2. Data are mean ± SD of three replicates. This Figure is from Lagaria

et al. (2017), this SI, mod.

until the end of the experiment, whereas in SA it remained
stable during the first 4 days, after which it declined (Figure 6C).
No differences were found between the treatments and the Cnt
(RM-ANOVA, P> 0.05). Autotrophic flagellates were dominated
by the 3–5µm fraction (53 ± 14%) while the 2–3µm fraction
contributed 17 ± 12% to total abundance. For more details on
autotrophs, see Lagaria et al. (2017, this SI).

Diatoms and coccolithophores were found only sporadically
throughout the experiment; their abundances averaged 40 ± 38
cells L−1 for diatoms and 31 ± 17 cells L−1 for coccolithophores
(data not shown).

Heterotrophs
Virus density declined 1.2-fold from Day 0 to Day 3 in Cnt, SA,
and RA (Figure 7A). After Day 3, it reached maximal values on
Day 4 in RA (5.0× 106 ± 1.8× 105 viruses mL−1) and on Day 7
in SA (5.0 × 106 ± 4.7 × 105 viruses mL−1) while it remained
unchanged in the Cnt. There were significant differences only
between SA and the Cnt (RM-ANOVA, P < 0.05).

Heterotrophic bacteria density was significantly higher in both
treatments compared to the Cnt throughout the experiment
(RM-ANOVA, P < 0.01). Starting from an initial density of 2.3
× 105 ± 0.03 × 105 cells mL−1, heterotrophic bacteria reached
a peak (1.4 times higher than in the Cnt) on Days 2 and 3 in the
SA and RA treatments, respectively, then they declined until Day
5, after which they remained constant at initial levels until Day
7 and then increased again (Figure 7B). No significant difference
was found between the two treatments (RM-ANOVA, P > 0.05).
Density in the Cnt decreased all along the experiment and onDay
9 it was 1.6-fold lower than on Day 0.

In Cnt, starting from 20 ± 1, VBR (Viruses to Bacteria
Ratio, a measure of the viruses’ relative significance compared
to bacteria) showed similar values until Day 3 (Figure 7C) and

FIGURE 6 | (A) Synechococcus, (B) pico-eukaryote, and (C) autotrophic

flagellate abundances during the mesocosm experiment. Cnt = Control

mesocosms (no addition), SA = single addition, mesocosms where dust was

added once, on the first day of the experiment, RA = repetitive addition,

mesocosms where the same quantity of dust was added, divided into three

doses, on the first 3 days of the experiment, Days 0, 1, and 2. Data are mean

± SD of three replicates. This Figure is from Lagaria et al. (2017), this SI, mod.

then a continuous increase until the end of the experiment (28
± 2 on Day 9). In contrast, in SA and RA, VBR declined to 13
± 2 until Day 3 and then returned to initial values, oscillating
around 19± 3 until Day 9. VBR did not differ between SA and RA
treatments (RM-ANOVA, P > 0.05); however, values in the Cnt
were significantly higher than both treatments (RM-ANOVA,
P < 0.01).
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FIGURE 7 | (A) Virus abundance, (B) heterotrophic bacterial abundance, (C) Virus to bacteria ratio (VBR), (D) heterotrophic flagellate abundance, (E) percentage of

High DNA bacteria (HDNA), (F) ciliate abundance, (G) mesozooplankton biomass on the last day of the experiment (dashed line indicates mesozooplankton biomass

(0.41 mgC m−3) in the field, at the start of the experiment), and (H) dinoflagellate abundance during the mesocosm experiment. Cnt = Control mesocosms (no

addition), SA = single addition, mesocosms where dust was added once, on the first day of the experiment, RA = repetitive addition, mesocosms where the same

quantity of dust was added, divided into three doses, on the first 3 days of the experiment, Days 0, 1, and 2. Data are mean ± SD of three replicates.
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Until Day 2 for SA and RA and Day 3 for Cnt, there
was an increase in the % contribution of High DNA content
(HDNA) bacteria, but the increase was steeper in both treatments
compared to Cnt (41% in SA, 40% in RA, 36% in Cnt, starting
from 33%, Figure 7E). After Day 3, the % of HDNA bacteria
stabilized in Cnt whereas, in SA and RA, it sharply declined to
values lower than Cnt, at least until Day 7, after which it increased
again.

From 785± 130 cells mL−1 on Day 0, heterotrophic flagellate
(HF) density increased 1.6-fold in both treatments until Day
3, after which it declined to values lower than the initial ones
until the end of the experiment (Figure 7D). No significant
differences were found between the treatments (RM-ANOVA,
P > 0.05); however, the increase in RA followed the one in
SA. In the Cnt, HF density remained unchanged until Day
3, after which it declined. In both treatments and the Cnt,
heterotrophic flagellates were dominated by the pico-fraction (44
± 13%), and the 2–3 µm fraction contributed 19 ± 9% to total
abundance.

Starting from a low density at the beginning of the experiment
(310 ± 86 cells L−1), ciliate abundance showed an increasing
pattern in both treatments and the Cnt (Figure 7F); especially
after Day 3, the increase was sharper. Finally, after 9 days
of the experiment, higher densities were reached in the Cnt
mesocosms (1,990 ± 71 cells L−1) than in the SA (1,415 ±

191 cells L−1) and the RA (1,465 ± 78 cells L−1) mesocosms
(1Way-ANOVA, P < 0.01). Only on Days 1 and 5 was
ciliate abundance higher in both treatments compared to the
Cnt.

Dinoflagellate abundance varied a lot (around 2,200 ± 550
cells L−1) in the treatments and the Cnt (Figure 7H). Both
treatments started from a higher density compared to the Cnt.
Interestingly, in both treatments, density showed a remarkable
decrease on Day 2, after which it increased to reach maximum
values on Day 4 and Day 9 for the SA and RA treatments,
respectively.

Mesozooplankton biomass had increased in all mesocosms
by the end of the experiment compared to the field-initial
values (Figure 7G), by 3.4, 3.9, and 5.3 times in the Cnt, SA,
and RA, respectively. When comparing between treatments,
RA showed significantly higher biomass compared to the Cnt
(1Way-ANOVA, P < 0.05) by 1.5 times. The mean size of the
animals, 20% of which were nauplii and the remainder small-
sized juvenile copepods, was around 400µm. There were no
carnivorous species so the mortality can be considered as non-
predatory.

Heterotrophy vs. Autotrophy (H/A)
The picoplankton fraction of the food web (heterotrophic
bacteria, cyanobacteria Synechococcus, and pico-eukaryotes) was
heterotrophic at the beginning of the experiment (Figure 8A).
The heterotrophic-to-autotrophic biomass ratio was 1.53
± 0.028 on Day 0 and progressively decreased to reach
equilibrium between auto- and heterotrophs (1.02 ± 0.07)
on Days 4 and 5 in SA and RA, respectively. Then it
increased again toward heterotrophy until the end of the
experiment. Although, no differences were found between

FIGURE 8 | Ratio of heterotrophic to autotrophic biomass for (A)

pico-plankton and (B) nano-plankton during the mesocosm experiment. Cnt

= Control mesocosms (no addition), SA = single addition, mesocosms where

dust was added once, on the first day of the experiment, RA = repetitive

addition, mesocosms where the same quantity of dust was added, divided in

three doses, on the first 3 days of the experiment, Days 0, 1, and 2. Data are

mean ± SD of three replicates. Dashed line indicates balance between

autotrophic and heterotrophic biomass.

the Cnt and the treatments, or between the treatments
(RM-ANOVA, P > 0.05), SA and RA mesocosms were
characterized by a relatively faster relaxation of heterotrophy
to approach balanced conditions compared to the Cnt,
and then a sharper increase of the ratio and return toward
heterotrophy.

The nanoplankton fraction behaved differently compared to
picoplankton (Figure 8B); starting from equilibrium between
auto- and heterotrophs on Day 0, increasing heterotrophy
was observed until Days 2 (2.04 ± 0.31) and 3 (1.86 ±

0.002) in SA and RA, respectively, after which the ratio H/A
decreased until autotrophy was reached in SA and the Cnt
on Day 5. Then, equilibrium was reached in Cnt while SA
returned to heterotrophy by Day 9. In RA, the ratio turned
around equilibrium after Day 3 and reached a high degree of
heterotrophy on Day 9; however, the variability was high.
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Chlorophyll-Normalized Production and Bacteria

Specific Growth Rate
Chlorophyll-normalized production showed a decreasing trend
throughout the experiment (Figure 9A) whereas an increasing
trend was observed for the specific bacterial growth rate
(Figure 9B). No significant difference was found between all
treatments for phytoplankton (RM-ANOVA, P > 0.05), whereas
some variation (not significant though) was found for bacteria
during the first 2 days of the experiment; bacteria seemed to grow
faster in SA compared to RA and Cnt.

Growth Rate (µ) and Grazing Mortality (m)
The response of net growth rate of pico- and nano-autotrophs
to dust addition (SA), calculated as µ, was variable on Day 2
(Figure 10A): only picoplankton cells (Syn and Peuk) showed a
positive growth (0.61 and 0.18 day−1, respectively) compared to
the Cnt. Grazing rates, calculated as m, increased by 2-fold for
AF and Syn after dust addition (0.59 and 0.3 day−1, respectively,
Figure 10B) and decreased 2-fold for Peuk (0.13 day−1). On Day
4, only Peuk continued to show positive growth, similarly in all
treatments and higher than on Day 2 (1.2 day−1), whereas their
grazing rates were 2-fold lower in the dust treatment compared
to the Cnt (0.23 day−1). On the contrary, the AF grazing rate was
more or less similar to Day 2 in all treatments although slightly
increased by 1.3-fold in the dust-treatedmesocosms (0.48 day−1).

DISCUSSION

Impact of Dust Addition on Biological
Productivity and Biomass
The impact of Saharan dust deposition on the pelagic food
web was studied in the Eastern Mediterranean. The effect of
the episodicity of the phenomenon was studied in a mesocosm
experiment by simulating two patterns of dust deposition events,
both encountered in nature: (1) a single, strong event, or “dust
storm,” during which a large quantity of dust is added once into
the surface layers of the sea vs. (2) repetitive events during which
smaller quantities of dust are added to the sea over a longer time
period. The dust addition was representative of a realistic dust
deposition event in the area according to Gerasopoulos et al.
(2006) and Ternon et al. (2010).

Just 1–2 days after the addition of dust to the amended
mesocosms, both the autotrophic and heterotrophic components
of the microbial food web presented a positive response
compared to the Cnt mesocosms. Independently of the way
dust was added, i.e., either in a single strong pulse (SA) or
in three repetitive smaller pulses (RA), primary and bacterial
productions significantly increased and so did the Chl a
concentration, the densities of heterotrophic bacteria, and
autotrophic cyanobacteria, the mesozooplankton biomass at the
end of the experiment and the concentration of dissolved organic
N and P on specific days. Phytoplankton production responded
first, followed by bacterial production. The quantitative response
to the dust addition did not differ between the two treatments;
in other words, it was independent of the way dust was
added.

FIGURE 9 | (A) Chlorophyll-normalized production and (B) specific growth

rate of bacteria during the mesocosm experiment. Cnt = Control mesocosms

(no addition), SA = single addition, mesocosms where dust was added once,

on the first day of the experiment, RA = repetitive addition, mesocosms where

the same quantity of dust was added, divided into three doses, on the first 3

days of the experiment, Days 0, 1 and 2. Data are mean ± SD of 3 replicates.

(A) is from Lagaria et al. (2017), this SI, mod.

Although, the quantity of nutrients added through the dust
was very low (66 nM N and 2 nM P), it resulted in a considerable
% increase of the initial nutrient concentration (2-fold increase
for N and 1.3-fold for P) due to the oligotrophic conditions
prevailing in the area. As a result, the food web replied with an
increase of 2-fold for PP and BP, 1.6-fold for Chl a concentration,
1.4-fold for heterotrophic bacteria and 1.9-fold for cyanobacterial
abundance.

This response is an indication that phytoplankton and
heterotrophic bacteria were N or N and P co-limited prior to dust
addition. With an initial N:P ratio of ca. 10, the system seemed to
be N-limited. At the same time, the N:P ratio of dust added was
ca. 29; in other words, dust transported a disproportionately high
load of N relative to P in the amended mesocosms. Thus, during
the first 2 days of the experiment and due to the N-deficit, the
DIN added with the dust was directly taken up, so there was not
a considerable increase in the DIN pool; in contrast, the added
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FIGURE 10 | (A) Net growth rate (µ) and (B) grazing mortality (m) of

autotrophic flagellates (AF), Synechococcus (Syn) and pico-eukaryotes (Peuk)

on Days 2 and 4 as measured by means of dilution experiments in Cnt =

Control mesocosms (no addition) and SA = single addition mesocosms

(where dust was added once, on the first day of the experiment).

phosphate was not instantly taken up. It presented elevated values
2 day after the additions then was totally taken up within 3 days in
all mesocosms. Excess N added to the system was released again
after Day 3 in the form of recycled DIN, presenting significant
increases in both SA and RA mesocosms, presumably resulting
in P-limited conditions, as also seen by the N:P ratio during the
experiment.

The increase in heterotrophic bacterial production and
abundance may be explained by the addition of P through the
added dust. The response of bacteria to P-addition in the Eastern
Mediterranean has been seen during a Lagrangian experiment
(Krom et al., 2005b; Pitta et al., 2005; Thingstad et al., 2005) and
verified during a mesocosm experiment (Pitta et al., 2016). On
the other hand, the increase in the autotrophic production and
biomass may be attributed to the simultaneous addition of N and
P through the added dust since phytoplankton has been found to
be N and P-co-limited in the area (Zohary et al., 2005; Pitta et al.,
2016).

The clear and significant response of both auto- and
heterotrophs to dust addition, observed during the present
mesocosm experiment, was also evident during the first

dust-addition mesocosm experiment conducted in Crete in May,
2012 (Tsagaraki et al., in review). In that experiment, the same
quantity of dust was added, and resulted in similar increases
in phytoplankton and heterotrophic bacteria to our experiment.
The results of these two experiments may be considered a solid
indication of the influence of Saharan dust on the microbial food
web of the oligotrophic Eastern Mediterranean.

However, these results partly differ from the findings of
the DUNE mesocosm experiments conducted in the Western
Mediterranean (Laghdass et al., 2011; Giovagnetti et al., 2013;
Guieu et al., 2014; Pulido-Villena et al., 2014; Ridame et al., 2014)
and from some of the results of the microcosm experiments
performed in the Mediterranean (Bonnet et al., 2005; Herut et al.,
2005; Pulido-Villena et al., 2008; Lekunberri et al., 2010; Romero
et al., 2011), the Atlantic (Marañón et al., 2010) and the South
China Sea (Guo et al., 2012, 2013).

During the DUNE experiments, bacterial abundance was
not affected by dust addition (Laghdass et al., 2011; Pulido-
Villena et al., 2014). As far as phytoplankton is concerned,
pico- vs. nano- and micro-size fractions behaved differently
after two consecutive wet dust additions (Giovagnetti et al.,
2013). Interestingly, Ridame et al. (2014) reported a significant
stimulation of PP and Chl a after wet dust deposition but no
changes after dry deposition; they explained these results by the
lack of nitrate in the dry deposition events. In contrast, in the two
mesocosm experiments conducted in Crete (the present one, and
the one reported in Tsagaraki et al., in review), dry dust addition
resulted in a net and important increase in both PP and Chl a
although, indeed, nitrate concentration was low in the dust added
(Figure 1B). Our results agree more with several microcosm
experiments conducted in Blanes Bay, Spain (Lekunberri et al.,
2010; Romero et al., 2011), at the DYFAMED station (Bonnet
et al., 2005; Pulido-Villena et al., 2008), at the Cyprus Gyre (Herut
et al., 2005), and in the Atlantic (Marañón et al., 2010), where, in
most of the cases, both auto- and hetero-trophs were favored after
dust addition.

Effect of the Episodicity of Dust Deposition
or “How Dust is Added”
Despite the similarities of the system’s response to the two dust
treatments, some differences were also observed.

In SA, which received the strong dust pulse, PP, BP, and to
a lesser extent Chl a, started to increase from the first day and
presented maxima on Day 2. In RA, however, which received
the three smaller dust pulses, a delay of 1 day was observed in
the increase of PP and BP and of 2 days in the case of Chl
a. Nevertheless, the maximal values of these parameters were
similar to SA.

In contrast to the production rates, there was not any time
lag between SA and RA regarding bacterial and cyanobacterial
abundances. Both bacterial and cyanobacterial abundances
peaked and then decreased in the same time period in both
treatments. However, bacteria presented a significant increase on
Day 1 while cyanobacteria on Day 2. This was also observed
by Tsagaraki et al. (in review) and is an indication that bacteria
out-competed cyanobacteria for nutrients.
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Interestingly, in both dust treatments, the values of PP and
Chl a concentration remained at high levels, at least until Days
5 and 6, respectively, whereas BP sharply decreased immediately
after its peak on Days 2 and 3. In fact, phytoplankton biomass
was characterized by different fractions in different periods of
the experiment; Synechococcus (picoplankton) peaked first and
larger-than-2 µm cells (nanoplankton) followed. According to
Lagaria et al. (2017, this SI), Synechococcus were related to P,
which was taken up until Day 3, whereas larger cells to N, which
remained at a higher concentration after P exhaustion.

Impact of Dust Addition on Larger
Organisms and Food Web Interactions
While the response to dust addition was clearly reflected on PP,
BP, Chl a concentration and cyanobacterial and heterotrophic
bacterial densities, there was not any effect on the trophic
levels further up the food web; the dynamics of autotrophic
flagellates and also of the grazers such as heterotrophic flagellates,
ciliates, dinoflagellates, even of viruses, did not follow an obvious
pattern and the difference between treatments and Cnt was
lost. These results indicate that nutrient addition fueled primary
and bacterial production at the beginning. The size class that
significantly responded first was picoplankton, both auto- and
hetero-trophic. Subsequently, grazing processes played a role in
the regulation of the populations recently built up.

The initial increase in % of HDNA bacteria in both SA and
RA could indicate a change in bacterial community composition
toward more active cells in the dust-treated mesocosms. This
shift in bacterial community composition has also been reported
in Guo et al. (2016, this SI) during the 2012 dust-addition
experiment conducted in the same area. The increase in % of
HDNA bacteria was followed by an increase in bacteria grazers,
the heterotrophic flagellates which seem to have been the main
factor causing the reduction of bacterioplankton abundance
after Day 3; in fact, the decline of HDNA bacterial abundance
was sharper in the treated mesocosms compared to Cnt. HF
have been shown to graze selectively on active HDNA bacteria
(Baltar et al., 2015). On the other hand, it seems that during
the present study, viral infection was not important for bacteria
mortality, since total virus abundance did not increase in the
dust-treated mesocosms at any time during the experiment, not
even when bacterial activity was at its highest; neither total nor
LDNA viruses, assumed to be mostly bacteriophages, increased
in abundance. In the 2012 Crete experiment, Tsiola et al. (2017,
this SI) found that viral production rate did not increase when
dust was added in the Eastern Mediterranean but, surprisingly, it
was decreased. The authors attributed this finding to processes
not synchronized to the viral production experiments, such as
extensive lysis events occurred prior to sampling. During the
DUNE-R experiment, Pulido-Villena et al. (2014) attributed the
lack of increase in heterotrophic bacteria and HF abundance after
dust addition to viral infection; however, viral rates were not
measured. In the present experiment, although the increase of
HF abundance followed that of their prey, heterotrophic bacteria,
no difference was found between treatments and Cnt; at this
point, our results agree with those of the DUNE-R experiment

during which Pulido-Villena et al. (2014) reported no differences
in terms of HF between dust-amended mesocosms and Cnt.

The increase in HF numbers was followed by a decline under
the pressure of their own grazers, ciliates and dinoflagellates,
which progressively increased after Day 2 and 3, respectively,
until the end of the experiment. It is interesting to note that on
the last day of the experiment, the ciliate abundance was higher
in the Cnt than in the treatments; this could perhaps be attributed
to a relaxation of grazing exerted on ciliates by mesozooplankton.
Indeed, the mesozooplankton biomass, measured on the last day,
was higher in the amended mesocosms compared to the Cnt.
This biomass increase is not particularly big considering the size-
developmental stage of the animals, the temperature and the
absence of predatory mortality. The growth rate, estimated from
the difference of biomass between the start and end of the 10-
day long experiment, was normal. Even for the treatment with
the highest biomass increase (RA), the growth rate was within
the range of values at 20◦C, under in situ food conditions, for
small copepods constituted mostly by juvenile stages (Hirst and
Bunker, 2003). This is valid even when considering themaximum
non-predatory mortality reported in the Mediterranean (0.05
day−1, Frangoulis et al., 2011).

The results of this study allow us to conclude that on the very
first days of the experiment, the osmotrophic populations were
clearly favored by the N and P added through dust and built
their populations; after that period, grazing pressures, exerted on
multiple levels of the complex food web, masked the difference
between the treated mesocosms and the Cnt. This masking
of the impact of nutrient addition when moving away from
the osmotrophic part of the food web has been observed in
mesocosm experiments with nutrient additions (Pitta et al., 2016;
Tsagaraki et al., in review). It may be related to the complex
trophic relationships prevailing in the microbial food web,
which become even more complex because of the occurrence of
mixotrophic species in almost all functional groups.

The role of grazing in masking the effect of nutrient addition
on parts of the food web, which was mainly assumed in previous
experiments, was partly verified during the present study by
the means of two dilution experiments. Grazing on AF and
Synechococcus was found to be stimulated by dust addition
compared to the Cnt (whereas this was not verified in the case
of picoeukaryotes). This may have been the reason why no
difference was found between SA and Cnt in terms of AF density.
We may assume that similar masking effects have also taken
place between other predators and prey, finally resulting in the
impact of dust addition being visible again as the difference
between amendedmesocosms and Cnt, much further up the food
web, on mesozooplankton, perhaps simply because grazers of
mesozooplankton were absent from this particular experimental
set-up.

CONCLUSIONS

Our data showed that independently of the way dust was added
to the surface of the oligotrophic marine environment of the
Eastern Mediterranean, either in a single strong pulse (SA) or
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in three repetitive smaller pulses (RA), both the autotrophic and
heterotrophic components of the microbial food web presented
a significant response. Both primary and bacterial productions
showed a clear effect (2-fold increase), fuelled by nutrients
(N and P) added via dust. Phytoplankton biomass as well
as heterotrophic bacteria and cyanobacteria abundances also
showed an important increase. Phytoplankton responded first,
followed by bacterioplankton. When dust was added in three
repetitive doses, the response presented a delay of 1 day; however,
maximum values attained were similar in both treatments. The
effect of dust addition was later lost in the intermediate trophic
levels, masked by multiple grazing processes taking place in
this complex multitrophic food web; until it was again visible
in mesozooplankton, which presented a higher density in the
dust-amended mesocosms.
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