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[1] In much of the world’s low-nutrient low-chlorophyll
(LNLC) oceans, including the Mediterranean Sea, surface
dissolved inorganic phosphorus (DIP) is below the detection
limit of conventional techniques. Although dust deposition
has been generally recognized as a major source of P to the
Mediterranean Sea, the lack of DIP data at nanomolar levels
has so far precluded a quantification of this effect. This
work reports the first one-year time series of surface
nanomolar DIP in the Mediterranean Sea. Moreover, by
combining nanomolar DIP data from two field studies (the
above cited time-series and an experimental addition of
Saharan dust to large mesocosms) and one in vitro dust
dissolution experiment, we show that dust pulses may
indeed provoke transient increases in DIP concentration (up
to 80 nM) in P-starved surface waters of this LNLC region.
Citation: Pulido-Villena, E., V. Rérolle, and C. Guieu (2010),
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1. Introduction

[2] There is growing awareness of the P deficiency in
certain regions of the oligotrophic ocean. Studies in the
North Pacific Sub-tropical gyre [Karl et al., 2001 and
references therein] and North Atlantic Sub-tropical gyre
[Wu et al., 2000; Ammerman et al., 2003] have used high
quality measurements to reveal concentrations of dissolved
inorganic phosphorus (DIP) as low as 0.5 nM. Despite cited
efforts, DIP data at nanomolar levels remain scarce mainly
due to the coarse detection limit of the conventional
techniques of analysis used (30 nM at best cases). Intro-
duction of the magnesium induced co-precipitation method
(MAGIC) substantially improved the amount of DIP data at
nanomolar levels [e.g., Rimmelin and Moutin, 2005]. How-
ever, the laborious and time-consuming manipulation of the
samples in combination with the contamination risks and
the high volume of sample required has precluded the
routine utilization of this technique. The recently introduced
technique of the long liquid waveguide capillary cell
(LWCC) [Zhang and Chi, 2002; Patey et al., 2008] provides
an easy and efficient alternative for DIP nanomolar meas-
urements and has been successfully applied in a number of
field studies [e.g., Krom et al., 2005].
[3] Atmospheric input of nutrients to marine systems

associated with dust deposition has received great attention,
particularly in HNLC (high nutrient-low chlorophyll) open
ocean regions, where dust can be the main external source

of iron [Jickells et al., 2005]. In low nutrient-low chloro-
phyll (LNLC) regions, the fertilizing potential of mineral
particles remains less explored and poorly understood. Dust
inputs have been hypothesized to be responsible for the
phosphate deficiency in several LNLC regions. Indeed
those areas receiving important inputs of iron-rich dust
exhibit elevated rates of N2 fixation. This, in turn, increases
the N pool and pushes the system toward P limitation [Wu et
al., 2000]. This hypothesis would explain why the North
Atlantic tropical gyre (highly affected by Saharan dust
deposition) shows lower phosphate concentrations than its
southern counterpart [Mather et al., 2008]. Besides contain-
ing iron, Saharan dust contains particulate P [Guieu et al.,
2002] and it may hence deliver significant amounts of P to
the surface waters of the LNLC regions. This P source has
been demonstrated both through field data on P atmospheric
fluxes associated to dust events [e.g., Bergametti et al.,
1992] and through in vitro dissolution experiments of
aerosols in seawater [Ridame and Guieu, 2002; Baker et
al., 2006]. However, the potential release of DIP from dust
in surface oligotrophic waters occurs at nanomolar levels
and hence, methodological limitations have so far precluded
the quantification of the fertilizing potential of mineral dust
in these P-starved oceanic systems.
[4] The goal of this work was to quantify the fertilizing

potential of dust inputs in the P-starved surface waters of the
LNLC Mediterranean Sea. For this purpose we combined
data obtained from two field studies (a one-year time-series
and an experimental addition of Saharan dust to large
mesocosms) and one laboratory in vitro dust dissolution
experiment. The combination of these three approaches
shed valuable light on how dust inputs can provoke tran-
sient changes in DIP availability in the LNLC surface
ocean.

2. Material and Methods

2.1. One-Year Time-Series of Surface Dissolved
Inorganic Phosphorus

[5] Seawater was collected monthly between December
2005 and December 2006 on board the R/V Tethys II at the
permanent time-series DYFAMED site (43�250N, 7�520E).
Filtered seawater (<0.2 mm, Sartobran cartridge filter) was
collected for dissolved inorganic phosphorus (DIP) analysis
in duplicate at five different depths (surface, 5, 10, 20 and
40 m) using a trace metal-clean Teflon pump system.
Samples were stored frozen until analysis. Seawater sam-
ples were unfrozen and acidified with HCl (Suprapur
quality, final concentration 1:1000 v:v) 24 hours prior to
analysis.

2.2. Mesocosm Experiment

[6] An experimental dust addition onto large mesocosms
(54 m3, 15-m depth) was conducted in June 2008 in the NW
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Mediterranean Sea in the frame of the ANR-DUNE project
(www.obs-vlfr.fr/LOV/DUNE). A detailed description of
the experiment is given by Guieu [2009] (see auxiliary
material).1 Briefly, three replicate mesocosms (hereafter
referred to as ‘D-mesocosms’) were amended with 41 g of
mineral dust reproducing a realistic atmospheric dust depo-
sition of 10 g m�2. The dust used results from Saharan soils
submitted to mechanical and physicochemical transforma-
tions mimicking atmospheric transport [Desboeufs et al.,
2001; Tran, 2008]. Three other mesocosms (hereafter
referred to as ‘C-mesocosms’) served as controls. Samples
from the six mesocosms were taken just before the dust
addition and at regular intervals during 8 days starting
6 hours after the amendment. Seawater was also collected
outside the mesocosms (hereafter referred to as ‘OUT’) at
selected times during the experiment in order to check for
contamination inside the mesocosms. Filtered seawater
(<0.2 mm, Sartobran cartridge filter) was collected for DIP
analysis at surface, 5 and 10 m depth using a trace metal-
clean Teflon pump system. Samples were analyzed imme-
diately after collection.

2.3. In Vitro Dissolution Experiment

[7] One dissolution experiment was performed by adding
dust to 0.2 mm-filtered seawater to a final concentration of
1.2 mg L�1. The main goal of this abiotic experiment was to
reproduce a pulsed dust input into the surface mixed layer
(SML) during the stratification period. In order to compare
the results obtained with those from the mesocosm exper-

iment, the seawater was collected at the mesocosm site
(‘OUT’) and the dust used was the same as for the
mesocosm experiment. The chosen concentration tempted
to mimic the 10 g m�2 flux of dust in the mesocosm
assuming a homogeneous distribution of the particles within
the SML. The experiment was performed in triplicate and
three unamended flasks served as controls. Subsamples
were taken from the six experimental flasks before the
addition of dust and after a contact time of 6 hours. The
samples were filtered onto 0.2 mm polycarbonate filters and
analyzed immediately for DIP concentration.

2.4. Nanomolar DIP Measurements

[8] DIP in the three studies described above was analyzed
by spectrophotometry [Murphy and Riley, 1962; Zhang and
Chi, 2002] using a long waveguide capillary cell (LWCC).
In the recent years, a number of studies focusing on the
analytical accuracy of the LWCC technique for measuring
DIP have demonstrated a good agreement with the MAGIC
technique [Li and Hansell, 2008] and negligible interference
with arseniate and silicate [Li and Hansell, 2008; Ma et al.,
2009]. In the time-series and the in vitro experiments, the
LWCC was 2-m long (limit of detection, LOD = three times
the standard deviation of 10 measurements of the blank =
1 nM). For the mesocosm experiment, the LWCC was 1-m
long (LOD = 2 nM). More details on the analytical
procedure can be found as auxiliary material.

3. Results

3.1. One-Year Time-Series of Surface Dissolved
Inorganic Phosphorus

[9] This study presents the first one-year time-series of
DIP in surface waters of the LNLC Mediterranean Sea
(Figure 1). During the winter mixing period (December
2005–March 2006), DIP ranged between 200 and 350 nM
and it decreased to values around 30 nM in April 2006, after
the phytoplankton spring bloom. The stratification period
(May 2006–December 2006) was characterized by DIP
values between 6 and 1 nM at depths above 20 m. During
this period, DIP above the mixed layer depth (8–20 m
depth) remained low and relatively constant despite the
continuous DIP inputs from the atmosphere reported for that
period by Pulido-Villena et al. [2008]. In particular, no
changes in surface DIP were observed one week after a
Saharan dust event registered on June 2006 which delivered
a DIP flux of 74 mmol P m�2 (Figure 1).

3.2. Mesocosm Experiment

[10] DIP in OUT and C-mesocosms ranged between 2
and 6 nM over the duration of the experiment (Figure 2). In
the D-mesocosms, DIP before the addition was 4 ± 1 nM.
Six hours after the addition, surface DIP increased in all
three mesocosms to 17 ± 4 nM. No increase was observed at
5 and 10-m depth. Surface DIP decreased to initial values in
the subsequent sampling (24 hours after the seeding) and
remained constant until the end of the experiment (Figure 2).

3.3. In Vitro Dissolution Experiment

[11] DIP in the experimental flasks before the dust
amendment was 5 ± 1 nM. After a contact time of 6 hours,
DIP in the amended treatment increased significantly to

Figure 1. (bottom) Dissolved inorganic phosphorus (DIP,
nmol P L�1) in the 0–40 m depth layer between December
2005 and December 2006 at the DYFAMED site. Points
represent sampling depths. (top) Atmospheric input of DIP
(mmol P m�2) in the study region during the stratification
period (May–December 2006) reported by Pulido-Villena
et al. [2008].

1Auxiliary materials are available in the HTML. doi:10.1029/
2009GL041415.

L01603 PULIDO-VILLENA ET AL.: FERTILIZING EFFECT OF DUST IN LNLC OCEAN L01603

2 of 5



10 ± 1 nM whereas it remained constant in the control
flasks.

4. Discussion

4.1. P-Deficiency in Surface Waters
of the Mediterranean Sea

[12] The limitation of biological activity by P in the
stratified surface waters of the Mediterranean Sea has been
extensively reported [e.g., Thingstad et al., 1998]. The
stratification period has been usually represented by a gap
in which DIP values were below the detection limit [e.g.,
Marty et al., 2002]. Moutin et al. [2002] attempted for the
first time to estimate the concentration of bioavailable
phosphate in the western Mediterranean Sea through meas-
urements of P-uptake. Their results showed estimated con-
centrations of 3 nmol L�1, similar to measured DIP values
in this study. In the eastern Mediterranean Sea, DIP values
obtained during the CYCLOPS cruise in May 2003 were
<2–4 nM [Krom et al., 2005], slightly lower than observed
in May in this study. Regarding other LNLC regions, our
surface DIP data are in the same order of magnitude as those
reported for the western North Atlantic (from 0.4 to 3.9 nM)
and lower than in the subtropical North Pacific (13 ± 2 nM)
[Wu et al., 2000]. Our DIP values, together with literature
data, confirm that surface DIP in several LNLC regions,
during at least 6 months of the year, is low enough to result
in P control of biological activity.

4.2. Linking Fertilizing Potential of Mineral Dust
and Particle Vertical Distribution

[13] Episodic P-rich dust inputs to the surface Mediter-
ranean waters can be the only source of nutrients to the
surface mixed layer (SML) during the stratification period
[e.g., Bergametti et al., 1992]. The results from the meso-

cosm experiment provide a quantitative confirmation of this
fertilizing potential of mineral dust. The C-mesocosms
reflected the observed situation in the DYFAMED site
during the stratification period of 2006: DIP values that
remained low without significant variations over the dura-
tion of the experiment. In the D-mesocosms, a DIP release
from the dust was observed soon after the seeding and it
produced a 3-fold increase in surface DIP. This result
contrasts with the decrease observed in dissolved Fe con-
centration after the seeding which was likely transferred to
the particulate phase [Guieu, 2009]. No significant correla-
tion was found between surface DIP and dFe over the
duration of the experiment (n = 8; r = �0.38; p = 0.354).
[14] The release of DIP from dust will be dependent on

the fraction of the total P content that get dissolved in
seawater upon deposition. Ridame and Guieu [2002]
showed that the percentage of dissolution decreases as the
particle concentration (Pc) increases and reported a negative
power relationship between both variables for a contact time
of 6 hours. This relationship may have critical consequences
on the fertilizing potential of mineral dust which will
ultimately depend on particle vertical distribution within
the water column. Dust deposited on the surface ocean is
often assumed to distribute homogeneously within the SML
[e.g., Blain et al., 2004]. In the mesocosm experiment, this
assumption would lead to a Pc of 1.2 mg L�1. However,
when performing the abiotic dissolution experiment at that
Pc, the DIP released was lower than observed in the
mesocosm experiment. This discrepancy suggests a non-
homogeneous vertical distribution of the mineral particles in
the mesocosm which agrees with the fact that the DIP
increase was only observed in the surface. The percentage
of dissolution calculated from the abiotic dissolution exper-
iment for a Pc of 1.2 mg L�1 and a contact time of 6 hours
is 35% of dust total P content. This percentage is consistent
with the relationship reported by Ridame and Guieu [2002]
(Figure 3), which may thus be used to calculate the Pc needed
to explain the DIP increase in the mesocosms experiment.
This back-calculation leads to a Pc of 29 mg L�1, one order
of magnitude higher than predicted under the assumption of
a homogeneous vertical distribution of the Saharan particles
over the SML. Considering the total amount of dust added

Figure 2. Concentration of dissolved inorganic phos-
phorus (DIP, nmol P L�1) during of the DUNE mesocosm
experiment in OUT, C-mesocosms and D-mesocosms at
surface, 5-m and 10-m depth. OUT values represent the
average and standard deviation of two replicate samples.
C- and D-mesocosms values represent the average and
standard deviation of the three replicate mesocosms.

Figure 3. Percentage of dissolved inorganic phosphorus
released from dust in seawater as a function of particle
concentration (Pc) for a contact time of 6 hours. The white
squares (data for particle concentrations between 5 and
100 mg L�1) and the power relationship are reported by
Ridame and Guieu [2002]. Black square (Pc = 1.2 mg L�1),
this study.
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to the mesocosms, such a concentration would have been
achieved after a distribution of the added particles within the
top 40 cm of the water column. We thus hypothesize that
most of the added particles remained in the surface during
the first hours of the experiment leading to observed
increase in surface DIP.
[15] This hypothesis was applied to predict the increase

in surface DIP in the DYFAMED site after the dust event of
June 2006. Under the assumption of a homogeneous vertical
distribution of particles within the SML, this dust event
would have induced a transient increase in DIP of 10 nM
[Pulido-Villena et al., 2008] over the whole SML. By
contrast, applying a conservative vertical distribution of
dust particles within the top meter, the dust event would
produce an increase in surface DIP of 80 nM. These
estimates underline the need for a better understanding of
the vertical distribution of dust particles within the water
column upon deposition in order to quantify their potential
to fertilize oceanic surface waters. Moreover, our results
suggest that in vitro approaches, which rely upon a fixed
and homogeneously distributed concentration of particles,
can lead to inaccurate estimates of the DIP release from
mineral dust and their extrapolation to natural conditions
must be performed very cautiously.

4.3. Bioavailability of Dust-Derived P

[16] The DIP released from the mineral dust in the
mesocosm experiment was completely lost after 24 hours
and no further increase was observed during the experiment.
A physical loss by dilution, typical of large-scale fertiliza-
tion experiments [e.g., Law et al., 2005], is unlikely in this
particular case given the nature of the experiments which
enclose the water column precluding horizontal diffusion.
For its part, adsorption onto the added dust would have had
negligible contribution to the observed decrease in DIP.
According to reported DIP adsorption capacity of Saharan
dust (e.g., 0.13 mmol g�1) [Ridame et al., 2003], between
0.2 and 3.5 nM would have been transferred to the partic-
ulate phase for a Pc of 1.2 and 29 mg L�1, respectively. DIP
loss might have been thus dominated by biological uptake
in agreement with the observed rapid response of both
bacteria and phytoplankton [Guieu, 2009]. A rapid biolog-
ical uptake of dust-derived DIP would also explain the lack
of DIP increase observed at the DYFAMED site one week
after the dust event of June 2006 (Figure 1). These results
suggest that dust-derived DIP is biologically available and it
can transiently relieve P-limitation inducing pulsed
enhancements of biological activity.

4.4. Biogeochemical Consequences of Dust Deposition
in LNLC Regions

[17] Much effort is being put forth to evaluate the
biogeochemical consequences of dust-derived iron inputs
in high nutrient-low chlorophyll (HNLC) regions. The data
presented in this work highlight the significance of dust as a
source of P to the Mediterranean Sea, a LNLC region
exhibiting a severe P-deficiency during the stratification
period. Although dust deposition may push LNLC regions
towards P limitation over a large time scale as a result of
iron-enhanced N2 fixation, this study indicates that it can
also provoke transient increases in P availability and may
thus stimulate the growth of P-limited communities.
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