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A B S T R A C T

To obtain a comprehensive picture of the spatial distribution of atmospheric phosphorus (P) speciation in the
Mediterranean Sea, deposition samples were collected from the eastern (E) and north-western (NW)
Mediterranean and analyzed for both organic and inorganic P forms. Dissolved P, especially in organic form, is
dominant during the wet season, while higher insoluble P fluxes are recorded during the dry period, mainly due
to dust outbreaks. Wet deposition has a significant contribution to the atmospheric phosphorus flux; over the NW
Mediterranean accounting for 80% of the total dissolved phosphorus (TDP). The seven-year average TDP flux
during the wet season in the NW basin, of 1.78 mmol m−2 y−1, is almost double that of the two-year average in
the eastern Mediterranean. The difference is attributed mainly to the precipitation height being 2–3 times higher
in the NW Mediterranean compared to the East. Dissolved organic phosphorus (DOP) is the dominant P fraction
in both wet and dry deposition samples, presenting similar fluxes (1.16 and 0.94 mmol m−2 y−1, in the eastern
and north-western basins respectively). Finally, assuming that all TDP is bioavailable, atmospheric deposition of
TDP could account for up to 38% of new production in the eastern Mediterranean, while during oligotrophic
periods of the NW Mediterranean it could increase the new production by 14%.

1. Introduction

Phosphorus is an essential micronutrient for living organisms; it is a
part of DNA and RNA molecules and of lipids in cell membranes.
Phosphorus can be found on the earth in water, soil, sediments and the
atmosphere in both dissolved and particulate pools, in organic and in-
organic forms. Phosphorus in the atmosphere is predominantly asso-
ciated with particulate phase (Vet et al., 2014); however, the presence
of gaseous phosphorous compounds such as phosphine and methyl-
phosphine has also been reported in marine and terrestrial atmosphere
(Zhu et al., 2007; Han et al., 2010), while the contributions from gas-
eous organophosphate pesticides (Degrendele et al., 2016) and gaseous
organophosphate ester-flame retardants (OPE) (Castro-Jiménez et al.,
2016) are not negligible. Inorganic P species (e.g. mono- or diproto-
nated orthophosphate) are considered the most bioavailable P forms,
and the emphasis for many decades has been on the study of their
abundance and dynamics. On the other hand, information regarding the
chemical speciation of atmospheric organic phosphorus and its role in

the biogeochemical cycle of P in the atmosphere is completely un-
known.

In seawater, inorganic phosphorus consists mostly of orthopho-
sphate (PO4

3− and HPO4
2−), pyrophosphate (H2P2O7

2−) and other
condensed inorganic P compounds, whereas organic phosphorus com-
pounds include mainly nucleic acids, phospholipids, inositol phos-
phates, phosphoamides, phosphoproteins, phosphonic acids, organo-
phosphate pesticides, humic-associated organic phosphorus
compounds, and organic condensed phosphates in dissolved, colloidal
and particle-associated forms (Karl and Björkman, 2015). Despite the
acknowledged abundance of the organic P fraction in aquatic systems,
the importance of this fraction in the atmosphere is not widely re-
cognized.

Aeolian transport of particulate matter from the continents to the
open ocean is considered a major pathway for supply of various trace
elements, contaminants and nutrients. Strong Sahara events can bring
large amounts of particulate matter and associated nutrients (phos-
phorus and iron) over the Mediterranean Sea (Mermex group, 2011;
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Richon et al., 2017). Phosphorus is the limiting factor of biological
activity in many oligotrophic marine ecosystems, including the eastern
Mediterranean Sea (Krom et al., 2004). It is well known that the at-
mosphere is an important nutrient path, especially for the Levantine
basin in the E. Mediterranean and moreover is the dominant nutrient
path for PO4

3− compared to the riverine fluxes (Koçak et al., 2010).
The atmospheric deposition of organic P may further influence the

primary productivity of the euphotic zone in the Mediterranean, espe-
cially in phosphate-limited waters, leading to a greater utilization of the
DOP pool, maintaining the production (Mather et al., 2008). The as-
sessment of bioavailability of the organic P pool depends on a number
of factors, including the chemical composition, the diversity of the
microbial community, the ambient conditions and exposure time (e.g.
myo-inositol hexakisphosphate (phytic acid) was hydrolyzed to phos-
phate within days under typical aerobic marine conditions (Suzumura
and Kamatani, 1993)).

In the literature, few studies have reported the presence of organic
phosphorous compounds in atmospheric samples. For instance, in
rainwater samples collected in New Jersey, 49 organo-phosphorus
compounds with structures containing CHONP (29), CHONSP (8),
CHOP (7), and CHOSP (5) have been identified (Altieri et al., 2009).
Amato et al. (2007) determined an ATP concentration of about
0.40 pmol mL−1 in cloud water, showing that a large majority of cells
remain alive in clouds. In PM10 aerosol samples collected in Spain, the
presence of organophosphate pesticides Chloropyrifos-e, Chloropyrifos-
m, Diazinon and Malathion, with mean concentrations of 122, 4, 58 and
12 pg m−3, respectively, has been reported (Coscollà et al., 2011). Fi-
nally, Castro-Jiménez et al. (2014) reported 14 different organopho-
sphate ester flame retardant (OPE) compounds with concentration le-
vels, given as P, ranged from 0.04 to 0.8 ng P m−3 (average value of
0.25 ng P m−3).

Since phosphorus is the limiting factor in many oligotrophic marine
environments, valuable information could be gained by defining the
relative contribution of organic and inorganic forms of phosphorus in
atmospheric deposition. Few studies of atmospheric phosphorus de-
position exist and several parts of its global cycle are poorly studied
(Vet et al., 2014). There are very few long-term records of phosphorus
deposition, which are unevenly distributed in space and time. Besides,
comprehensive studies that include all forms of P do not exist in the
literature. In this study, P speciation was performed in deposition
samples, collected from eastern (E) and north-western (NW) Medi-
terranean Sea, providing a more complete picture of atmospheric de-
position of P species in the Mediterranean.

2. Experimental methods

2.1. Sampling

2.1.1. Wet and bulk deposition in East Mediterranean (Greece, Finokalia:
35°20′N 25°40′E)

Rainwater and bulk deposition samples were collected at the
Finokalia monitoring station (see Mihalopoulos et al., 1997 for more
details) close to a small village on the northern coast of Crete (Fig. 1).
Measurements of aerosols and gases performed simultaneously at this
sampling site and at airborne and land-based stations during numerous
studies (Lelieveld et al., 2002; Markaki et al., 2010) show that mea-
surements at Finokalia are representative of the background eastern
Mediterranean atmosphere. This is due both to the location of Crete in
the eastern Mediterranean (at the crossroad of the main air masses and
fronts influencing the area), as well as to the location of that sampling
site (upwind and far from the main cities and tourist resorts of the is-
land).

During a two-year period (2012–2013) rainwater samples (n = 43)
were collected on an event basis using a wet-only collector installed at
Finokalia monitoring station (Fig. 1). Bulk deposition samples
(n = 28) were also collected in a two-week basis, during the dry

period (April–September); hereafter termed dry deposition samples.
The estimation of bulk deposition was based on the collection of par-
ticles on a flat surface covered by multiple layers of glass beads, which
could trap larger particles and avoid resuspension. The glass beads were
placed in a funnel installed 3 m above the ground and exposed to the
atmosphere for one to two weeks (Fig. 1). Then the system was washed
with ultrapure water (500 mL). A detailed description of the technique
is provided in Kouvarakis et al. (2001).

Immediately after collection the wet and bulk deposition samples
were filtered through a pre-weighed 0.45 μm cellulose filter. The non-
filterable mass was regarded during this study as insoluble matter. From
the filtrated solution three aliquots were obtained. The first was im-
mediately used for pH determination; to the second, 50–100 μL of
chloroform were added as a biocide and stored in the refrigerator at
4 °C until analysis of main anions and cations. The third was stored at
–18 °C for P analysis.

2.1.2. Bulk sampling deposition in NW Mediterranean (France, Cap Béar:
42°52′Ν 03°3′E)

Monthly bulk deposition samples (n = 84) were collected ac-
cording to the ADIOS protocol (Markaki et al., 2010) at Cap Béar
(Fig. 1) over a seven-year period (2005–2011). The sampling station is
situated 20 km from the town of Perpignan and 158 m above the sea
level. The sampling device used to collect the bulk samples consisted of
a 4 L Nalgene high-density polyethylene bottle, with a polyethylene
funnel (surface area = 113 cm2) attached to the top; a polyester mesh
(mesh 33 μm) at the base of the funnel prevented contamination of the
sample by plant debris or insects. Thymol (200 mL of 2.5 g L−1 solu-
tion) was added to the sampling bottle to prevent any biological activity
(Ayers et al., 1998) during each sampling period, although the acidity
of thymol might have influenced the dissolved/particulate equilibrium
in the sample. The bottle was wrapped in aluminum foil to avoid direct
sun exposure and photochemical degradation of the collected com-
pounds. Whatman filters (nuclepore) with pore diameter of 0.45 µm
were used for filtration; the filters were rinsed with alcohol in order to
avoid residual thymol crystallization on the filter due to poor solubility
in water, and then they were weighed. The filtered solutions were
stored in the refrigerator (4 °C).

2.2. Chemical analysis

2.2.1. Analysis of P speciation
The speciation of P was determined according to the analytical

protocol referred to in Standard Methods for the Examination of Water
and Wastewater (20th Edition). Total phosphorus (TP) in both dissolved
(TDP) and particulate fractions (TPP) was measured after acid digestion
of samples according to the persulfate digestion method; TP was mea-
sured colorimetrically as PO4

3− at 690 nm using the stannous chloride
method. TP recoveries obtained by the use of certified reference ma-
terials (MESS-3) were found to be 98 ± 12%. Dissolved phosphate
(DIP) was determined as HPO4

2− by anion chromatography in samples
from the eastern Mediterranean, while in samples from NW Medi-
terranean it was measured colorimetrically as PO4

3− at 690 nm using
the stannous chloride method (Markaki et al., 2003). Total acid-hy-
drolyzed inorganic phosphorus was determined after acidification of
sample (pH = 1.6) with a mixture of sulfuric acid (0.05M) and nitric
acid (0.5 μM), separately in filterable (TIP) and non-filterable (TIPinsol)
samples. Organically bound phosphates were determined in both so-
luble (DOP) and insoluble matter (OPinsol) by subtracting TIP from TDP
and TIPinsol from TPP, respectively, while the condensed phosphates
(pyro-, meta-, and other inorganic polyphosphates), hereafter termed
CP, were determined only in the soluble fraction by subtracting
HPO4

2− from soluble TIP; see the abbreviations in Table S4 in
Supplementary material.

The quantification of TDP was achieved by using a calibration
curve. For this purpose, the TDP stock solutions were prepared by



dissolving equal amounts (in terms of P) of analytical grade KH2PO4

(Merck #6537.0500) and adenylic acid (AMP: C10H12N5Na2O7P,
Merck #1.01145.1000). Blank solutions are prepared with Milli-Q
water and they were treated as the deposition samples. The detection
limit, estimated as three times the standard deviation (SD) of the blank,
was found to be 10 ppb P for acid-hydrolyzable and 13 ppb P for TP.

Furthermore, we evaluated our choice to reduce by half the pro-
posed concentration of acid referred to in the protocol of Standard
Methods for the Examination of Water and Wastewater (20th Edition)
for the determination of total acid-hydrolyzable P (Fig. 2). The main
purpose of this test was to assess whether part of the organic P was
recovered as part of the hydrolyzable fraction, by estimating the re-
coveries of both total inorganic and organic P. In order to achieve this,
we used as standards (not a mixture, but separately) sodium pyropho-
sphate tetrabasic decahydrate (Na2O7P2·10H2O, Sigma-Aldrich: 30411)
to represent the total hydrolysable P and adenylic acid to represent the
organic P and then we followed the analytical protocol for the de-
termination of total acid-hydrolyzed inorganic phosphorus as described
above. The optimal average recovery of inorganic P (101 ± 7%) in
the concentration range of 38–500 ppb was achieved, while the re-
covery of adenylic acid under the modified acidification was estimated
at 22 ± 4% in the concentration range of 26–500 ppb. This evidence
suggests that is possible to remove organic forms of P in the hydro-
lyzable fraction, resulting in an underestimation of OP and

overestimation of TIP. The average concentrations of inorganic and
organic P determined during this study were in the range of
26–500 ppb; similar to those achieved in our recovery tests (Fig. 2).

2.2.2. Analysis of main ions
The main ions were determined in order for them to be used as

Cap Béar Sta on

Météo France Sta on 

Wet Deposi on 

Sampler

Dry Deposi on 

Sampler

Finokalia Sta on

Bulk Deposi on Sampler

Fig. 1. Finokalia station (35°20′N 25°40′E) and Cap Béar (42°52′Ν 03°13′E).

Fig. 2. Recovery of adenylic acid (AMP) and sodium pyrophosphate tetrabasic decahy-
drate during the acid hydrolysis of a mixture of both forms of P.



tracers of various sources. 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−, NO3

−, SO4
2−, HPO4

2−, C2O4
2−) in

rain samples and aerosol extractions. All the anions were determined
with isocratic elution at 1.5 mL min−1 of Na2CO3/NaHCO3 eluent. For
the cations (Na+, NH4

+, K+, Mg2+ and Ca2+) a CS12-SC column was
used with a CSRS-300 4 mm suppressor. Separation was achieved under
isocratic conditions with MSA (20 mM) eluent and flow rate of
1.0 mL min−1. Details for the IC analysis are reported in Bardouki et al.
(2003). The reproducibility of the measurements was better than 2%
and the detection limit ranged from 1 to 5 ppb for the main anions and
cations. The detection limit of HPO4

2− was 3 ppb, while the average
HPO4

2− value of the whole data set was 80 times above the DL. Blanks
were always below the detection limits.

3. Results

3.1. Phosphorus speciation in deposition samples over the eastern
Mediterranean

3.1.1. Phosphorus speciation in rain deposition samples during wet season
In Table 1 the P speciation in the rain water samples collected

during the wet season (October to March) at Finokalia sampling station
for both years (2012 and 2013) is presented. The 2012–2013 average of
annual deposited flux of TDP and TPP was estimated at 0.82 and
0.23 mmol P m−2 y−1, respectively. Higher total dissolved phosphorus
(TDP) concentrations were recorded in 2012 (1.02 mmol P m−2 y−1),
while 2013 was characterized by higher total particulate phosphorus
(TPP) values. TPP accounted for 11% (0.13 mmol P m−2 y−1) and 35%
(0.33 mmol P m−2 y−1) of total deposited phosphorus (TP) for 2012
and 2013, respectively. The prevalence of SW air masses (Sahara dust
outbreaks) during 2013 resulted in higher mass deposition
(13.51 g m−2) compared to 2012 (7.40 g m−2), and may explain this
increased level of TPP in 2013.

The significant contribution of organic P in both soluble and in-
soluble fractions during both years is characteristic. The average per-
centage contributions of phosphate ions (DIP), DOP and CP to TDP were
found to be 3, 92 and 5%, and 15, 75 and 10%, for 2012 and 2013,
respectively (Fig. 3). The percentage speciations of TPP for particulate

inorganic P (TIPinsol) and particulate organic P (OPinsol), was found to
be 54 and 46%, and 36 and 64%, for 2012 and 2013, respectively.

In terms of percentage contribution, wet deposition can contribute
equally to the dry (see ection 3.1.2), since ∼50% of TP (Table 1; two-
year average) is deposited during the rainy season. This observation is
in agreement with similar studies performed in other sites across the
Mediterranean Sea (Markaki et al., 2010). Monthly wet fluxes of TDP
and TPP during the wet season 2012–13 with rain height and wet-de-
posited atmospheric particulate mass are depicted in Fig. 4. During wet
seasons TDP and TPP follow well the particulate mass variability and
rain height, especially in 2012.

A Spearman's correlation analysis was run in rain samples
(n = 40), using concentration values (ppb) between the P species and
various parameters including major ions and particulate mass (Table
S1). Considering as significant the correlations with p < 0.05, in-
formation regarding the sources of P species could be retrieved. In-
soluble inorganic phosphorus species were related both to particulate
mass (rs = 0.41, p < 0.05) and to nss-Ca2+ (rs = 0.39, p < 0.05)
suggesting a contribution from dust. Furthermore, insoluble organic P
species correlated significantly to oxalate, indicating a contribution
from regional pollution and photochemistry (rs = 0.60,
p < 0.00005). Oxalate is produced secondary by the oxidation of
volatile biogenic organic compounds by OH and NO3 radicals (79% of
the global oxalate budget), while more than 60% of oxalate is removed
from the atmosphere by wet deposition (Myriokefalitakis et al., 2011).
Furthermore, it was also correlated with nss-K+ (rs = 0.59,
p < 0.0005) indicating contribution from wood burning or soil. Fi-
nally, DOP correlated well with nss-Ca2+ (rs = 0.46, p < 0.005)
suggesting a contribution from dust.

3.1.2. P speciation in dry deposition samples during dry season
Dry deposition samples (n = 29) were collected on a two-week

basis during the dry season (April to September). Similar to the rainy
season, an important contribution of organic P in both soluble and in-
soluble fractions was observed during both years (Fig. 5). Indeed, the
two-year average percentage contributions of dissolved P fractions
(DIP, DOP and CP) to TDP during the dry period were found to be 11%
(0.08 mmol P m−2), 66% (0.46 mmol P m−2) and 23%
(0.16 mmol P m−2), respectively highlighting the importance of or-
ganic P forms in the dissolved fraction. On the other hand, the average
percentage speciation of TPP was 49% and 51% for particulate in-
organic P (TIPinsol) and particulate organic P (OPinsol), respectively,
indicating an equal contribution of inorganic and organic forms in the
particulate fraction.

A Spearman's correlation analysis was run also in dry deposition
samples data set (n = 29) using concentration values (ppb), and the
results are presented in Table S2. TIPinsol appears to be associated with
more complex matrixes since significant correlations were found with
different tracers. Furthermore, TIPinsol was significantly correlated with
nss-SO4

2− (rs = 0.47, p < 0.05) and NH4
+ (rs = 0.64,

p < 0.0005), suggesting a possible contribution from anthropogenic
and agricultural activities, such as fertilizers. TIPinsol was also corre-
lated with nss-K+ (rs = 0.43, p < 0.05) suggesting a possible con-
tribution from wood burning or soil, while marine sources are not ex-
cluded, since significant correlation was found with Cl− (rs = 0.39,
p < 0.05).

Insoluble organic P species were correlated well with nss-K+

(rs = 0.39, p < 0.05) suggesting a possible contribution from wood
burning or soil. Significant correlation was observed between DIP and
NH4

+ (rs = 0.41, p < 0.05) indicating contribution from agri-
culture. Finally, CP was correlated well with the presence of the par-
ticulate mass (rs = 0.49, p < 0.05).

Table 1
Annual wet and dry deposition of P species during wet and dry season, respectively over
the Eastern Mediterranean.

Deposition (mmol m−2 year−1)

Rain season Dry season

2012 2013 2012 2013

Soluble
h (cm) 34.6 32.1
TDP 1.02 0.61 0.58 0.80
DOP 0.94 0.46 0.36 0.55
CP 0.05 0.06 0.09 0.22
PO4

3− 0.03 0.09 0.13 0.03

nss-Ca2+ 9.73 16.27 18.44 28.50

nss-Sulfate 4.68 6.25 10.68 11.80

Insoluble
TPP 0.13 0.33 0.24 0.44
OPinsol 0.06 0.21 0.11 0.25
TIPinsol 0.07 0.12 0.13 0.19
Particulate massa 4.37 6.10 3.03 7.48

Total P
OPtotal 1.00 0.67 0.47 0.80
TIPtotal 0.15 0.27 0.35 0.44
TP 1.15 0.94 0.82 1.23

a Bulk mass deposition in g m−2 year−1.



3.2. Phosphorus speciation in bulk deposition samples over NW
Mediterranean

In this study speciation analysis for P was only performed in the
filterable part of bulk deposition samples (TDP) collected at the Cap
Béar sampling station. In the seven years 2005–2011, the average of
annual bulk deposited flux of TDP was estimated at

2.16 ± 0.56 mmol P m−2 y−1. Annual fluxes were calculated from
the monthly data by integration and extrapolated to 12 months in case
of missing data. The average percentage contribution of the various P
species to TDP was 44% for DOP (0.94 ± 0.44 mmol P m−2 y−1),
34% for CP (0.74 ± 0.69 mmol P m−2 y−1) and 22% for DIP
(0.48 ± 0.35 mmol P m−2 y−1).

A Spearman's correlation analysis was run in bulk deposition

Fig. 3. Percentage contribution of P species in rain samples to (a) Total Dissolved Phosphorus (TDP) and (b) Total Particulate Phosphorus (TPP) during the wet season in 2012–13 at
Finokalia sampling station.
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samples data set (n = 70) using concentration values, and the results
are presented in Table S3. DIP correlated with nss-Ca2+ (rs = 0.34,
p < 0.005) and NO3

− (rs = 0.28, p < 0.05) suggesting contribu-
tion from a mixture of dust and anthropogenic sources. No significant
correlation was found between both DOP and CP with the main ions,
confirming the complex matrix of those P species over the NW Medi-
terranean.

The inter-annual variability of bulk deposition P species in parallel
with particulate mass, nss-Ca2+ and rainfall during the seven-year
period (2005–2011) is depicted in Fig. 6 and Table 3. Maximum values
of nss-Ca2+ were recorded in 2007 (32.8 mmol m−2 y−1) and 2008
(44.7 mmol m−2 y−1), but only during 2007 was followed by the
maximum of DIP (1.03 mmol P m−2 y−1). Pey et al. (2013) studied the
occurrence of African dust outbreaks over different areas of the Medi-
terranean Basin over an 11-year period (2001–2011). According to that
study the highest number of dust event days over the NW Mediterra-
nean were recorded in 2007, which is in agreement with the high de-
position flux of nss-Ca2+ reported in this study for that year. Maximum
DOP was observed during 2011 (1.55 mmol P m−2 y−1), parallel with
the maximum rainfall.

The seven years of data were divided in two periods, depending on
the occurrence of rain: the dry period (from June to August) with total
average monthly rainfall less than 2.2 cm and the wet period (from
September to May). The main deposition mechanism of P species in the
NW Mediterranean is wet deposition, with about 80% of the TDP de-
posited during the wet period, in agreement with Markaki et al. (2010).
Monthly average percentage speciation of P species to TDP is depicted

in Fig. 7; with rain height, nss-SO4
2−, and nss-Ca2+ as monthly

averages through the years. In the dry season, the maximum percentage
contribution of DOP (0.10 mmol m−2) was reported in August, while
for inorganic species in June and July. During the wet season, the two
rainfall maxima occurred in May and October and followed the max-
imum monthly fluxes of nss-Ca2+ (5.87 and 2.52 mmol m−2, respec-
tively). The maximum percentage contribution of DOP (59%) was re-
ported for October while in May there was a prevalence of inorganic P.

4. Discussion

It is well known that straightforward comparisons within and be-
tween regions are difficult because of differences in the sample types,
sampling period lengths, and sample handling procedures. For instance,
bulk collectors, used in Cap Béar, could underestimate dry deposition
collection (Ridame et al., 1999). However, the efficiency of this sampler
was evaluated by comparing it with the glass bead collectors used in
Finokalia sampling station, in Markaki et al. (2010), and it was found
that both sampling devices collected dry deposition of P effectively.
Table 2 depicts the literature data regarding the P speciation of de-
position samples around Mediterranean areas. TPP fluxes measured in
this study for the E. Mediterranean are in agreement with the values
reported by Izquierdo et al. (2012) for NE Spain, not only when yearly
averaged values were compared, but also during wet and dry periods
(Table 2). Phosphate estimated during this study for the E. Mediterra-
nean was within the range of the values reported by Markaki et al.
(2003, 2010). In addition, DIP fluxes calculated here for Cap Béar
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(0.48 ± 0.35 mmol m−2 y−1) are in agreement with the previous
study performed in this area (Markaki et al., 2010) and are higher
compared to the eastern basin.

Both wet and dry deposition fluxes make significant contributions to
the atmospheric phosphorus flux over the E. Mediterranean, although
their relative contributions vary depending on precipitation rates and
the presence of mineral dust. Generally, soluble P, especially the or-
ganic species, are dominant during the wet season, contributing up to
89% and 65% of the total dissolved P for 2012 and 2013, respectively.
Higher TPP/TP ratios are recorded during the dry season, which seems
to be linked to dust outbreaks, since they follow well the variation of
nss-Ca2+ fluxes (Table 1). This was also observed by Baker et al.
(2006), who predict lower solubility of P in samples of Saharan origin.
In addition, results from P-NEXFS spectroscopy (Longo et al., 2014)
suggest that the inorganic P is mainly apatite and metal-P, confirming
further that Saharan outbreaks enrich the E. Mediterranean with in-
soluble inorganic P.

The inter-annual variability in deposited particulate mass during the
dry season (Table 1) results in an increase of the particulate mass flux

during 2013 by 146% followed by increases of 50% in TP and 70% in
total organic phosphorus compared to the dry season in 2012. It is
difficult to attribute this increase exclusively to anthropogenic sources
or dust events, since the two-week resolution time of sampling makes it
impossible to categorize the samples into wind sectors. However,
Mahowald et al. (2008), in their global atmospheric P assessment,
concluded that the largest source by far of atmospheric phosphorus is
mineral dust from the wind erosion of soils, and suggested that this
source accounts for 82% of the global aerosol P.

In contrast to the eastern Mediterranean, wet deposition makes a
significant contribution to the atmospheric phosphorus flux over the
NW Mediterranean, with about 80% of the TDP being deposited with
rain. The seven-year average of TDP during the wet season
(1.78 ± 0.44 mmol m−2 y−1; Table 3) was almost double compared
to the two-year average TDP during the wet season in the eastern
Mediterranean (0.82 mmol m−2 y−1; Table 1). The difference is at-
tributed mainly to the precipitation level being 2–3 times higher in the
NW Mediterranean compared to the Eastern. However, DOP is the
dominant P fraction at both sites and presents similar fluxes (0.74 and

Table 2
Annual deposition (wet & dry) of P species in around Mediterranean areas in mmol m−2 year−1.

Wet Dry Total Period Reference

TP
CapoCavallo (Corsica) 1.29 1986–87 Bergametti et al. (1992)
CapFerrat, France 0.16 – 1997–98 Migon and Sandroni (1999)
Sierra Nevada, Spain 0.18 0.45 0.64 2001 Moral-Baquero et al. (2006)
All Medit. Sites 1.06 2001–02 Guieu et al. (2010)
Crete 1.15 0.82 1.97 2012 This study
Crete 0.94 1.23 2.17 2013 This study

TPP
Cap Ferrat, France 0.07 – Migon and Sandroni (1999)
Montseny (NE Spain) 0.29 0.29 0.58 2002–03 Izquierdo et al. (2012)
Crete 0.13 0.24a 0.37a 2012 This study
Crete 0.33 0.44a 0.77a 2013 This study

TDP
Cap Ferrat, France 0.10 – 1997–98 Migon and Sandroni (1999)
Frioul Island 0.39 2015–16 Djaoudi et al. (this issue)
Crete 1.02 0.58a 1.60 2012 This study
Crete 0.61 0.80a 1.41 2013 This study
Cap Béar 2.16 2005–11 This study

TIPtotal
Israel 0.29 1 1.29 1995–98 Herut et al. (2002)
Crete 0.15 0.35a 0.50 2012 This study
Crete 0.27 0.44a 0.71 2013 This study
Cap Béar 1.22 2005–11 This study

DOP
Frioul Island 0.07 2015–16 Djaoudi et al. (this issue)
Crete 0.94 0.36a 1.30 2012 This study
Crete 0.46 0.55a 1.01 2013 This study
Cap Béar 0.94 2005–2011 This study

DIP or PO4
3−

Cap Ferrat, France 0.06 Migon and Sandroni (1999)
Cap Ferrat, France 0.15 0.76 2010 Pasqueron de Fommervault et al. (2015)
Cap Ferrat, France 0.10 0.40 2011 Pasqueron de Fommervault et al. (2015)
Cap Ferrat, France 0.09 0.75 2013 Pasqueron de Fommervault et al. (2015)
Crete 0.07 0.13 0.19 1999–2000 Markaki et al. (2003)
Erdemli (Turkey) – 0.17 1999 Markaki et al. (2003)
Erdemli (Turkey) 0.31 – 1996–1997 Özsoy (2003)
Cap Béar 0.57 2001–2002 Markaki et al. (2010)
Cap Béar 0.67 2002–2003 Markaki et al. (2010)
Ostriconi 0.46 2001–2002 Markaki et al. (2010)
Ostriconi 0.43 2002–2003 Markaki et al. (2010)
Crete 0.25 2001–2002 Markaki et al. (2010)
Crete 0.33 2002–2003 Markaki et al. (2010)
Montseny (NE Spain) 0.05–0.06 0.06–0.08 2002–03 Izquierdo et al. (2012)
Crete 0.03 0.13a 0.16 2012 This study
Crete 0.09 0.03a 0.12 2013 This study
Cap Béar 0.48 2005–2011 This study

a The fluxes are referred to dry period (April-September) in Crete.



0.70 mmol m−2 y−1, respectively), despite the difference in precipita-
tion level, indicating more intensive sources of organic P species in the
eastern basin. During dry season, the seven-year average of TDP in the
NWMediterranean (0.39 ± 0.17 mmol m−2 y−1; Table 3) was almost
a half of that in the eastern basin (0.69 mmol m−2 y−1; Table 1),
mainly because of the extended dry period at the Levantine basin.
Dissolved organic P species are dominant at both sites, with fluxes of
0.20 mmol m−2 y−1 and 0.46 mmol m−2 y−1, for the NW and E.
Mediterranean, respectively.

The atmospheric deposition of P may influence the primary pro-
ductivity (PP) of the euphotic zone in Mediterranean seawater, espe-
cially during the stratification period, which experiences a severe
phosphate depletion after the spring bloom, leading to a P-limitation of
biological activity (Krom et al., 1991; Thingstad et al., 1998). It is well
known that phosphate is the most soluble form of inorganic phosphorus
that can be consumed by organisms and converted to organic or other
inorganic forms of P (Björkman and Karl, 1994). The different organic
phosphorus compounds are potential sources of phosphorus for marine
communities, since marine biota could hydrolyze them to orthopho-
sphate (Björkman and Karl, 1994). However, the fraction of atmo-
spheric phosphorus that is bioavailable is uncertain at present (Vet
et al., 2014).

In order to calculate the maximum impact of total phosphorus de-
position in the marine ecosystems, we assumed that all TDP is bioa-
vailable. However, the bioavailability of soluble organic phosphorus
remains unknown, while non-phosphate inorganic phosphorus could be
bioavailable due to atmospheric acidity (Nenes et al., 2011; Krom et al.,
2016; Stockdale et al., 2016). The average total deposition (wet + dry)
of P during 2012 and 2013 was estimated at 1.51 mmol P m−2 y−1 in
the eastern Mediterranean. However, this value is an underestimate,
since dry deposition referred to during the dry season only, and not to
the entire year. Converting the TDP flux into carbon uptake by using the
Redfield C/P ratio of 106, the TDP is found to be responsible, on an
annual basis, for the fixation of 1.92 g C m−2 y−1. The annual new
productivity for the eastern Mediterranean was estimated in previous
studies to be 5 g C m−2 y−1 (Kress and Herut, 2001), which means that
the atmospheric deposition of TDP contributes 38% to new production.
In the NW Mediterranean, the seven-year average (2005–11) of TDP
was estimated at 2.16 mmol P m−2 y−1 (Table 3), and is responsible for
the fixation of 2.75 g C m−2 y−1. The mean value of new production in
the area during 1993–1999 was estimated at 42 g C m−2 y−1 (Marty
and Chiavérini, 2002), which means that the atmospheric input of TDP
represents only about 7% of new production. However, in less pro-
ductive periods in the NW Mediterranean, new production is about
19 g C m−2 y−1 (Marty and Chiavérini, 2002). In this case, the atmo-
spheric TDP input of 2.75 g C m−2 y−1 represents 14% of the new
production.

5. Conclusions

It is now well recognized that organic P is not only a missing piece
of atmospheric P but is also an important contributor to atmospheric
deposition of P. During this study, wet and dry deposition samples from

the eastern and NW Mediterranean were analyzed for P speciation. The
wet deposition of TDP in the NW Mediterranean was almost double the
two-year average of TDP during the wet season in the eastern
Mediterranean, mainly due to the 2–3 times higher precipitation rate in
the northwestern basin. However, it is important to stress that DOP is
the dominant P fraction at both sites. Dry deposition of TDP in the NW
Mediterranean is less than half of that in the Eastern basin, mainly
because of the extended dry period in the Levantine basin. Similarly, to
the wet deposition, the soluble organic P species in dry deposition are
dominant in both sites, accounting for at least 50% of the TDP.

Although additional work is needed to evaluate P bioavailability,
especially regarding the organic fraction, this study clearly shows that
the atmospheric deposition of TDP could contribute up to 38% of new
production in the eastern Mediterranean, while in oligotrophic zones of
the NW Mediterranean, the atmospheric TDP input could represent up
to 14% of the new production.
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