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An accurate understanding of the biogeochemistry of dissolved phosphate pool in

the upper waters of P-depleted oceanic regions is constrained by the low sensitivity

of routine phosphate measurements. In this study, by using the sensitive Liquid

Waveguide Capillary Cell method, we report the first extensive cross-basin survey

of nanomolar dissolved inorganic phosphate (DIP) and dissolved organic phosphate

(DOP) concentration in P-depleted surface waters of the Mediterranean Sea during the

stratification period. In the north western Mediterranean Sea (NWMS), DIP above the

mixed layer depth (MLD) ranged between 4.9 and 26.5 nM. Along an E-W transect

crossing Ionian and Tyrrhenian Seas (E-W transect), DIP above the MLD was lower,

ranging between 0.9 and 11.4 nM. Contrarily to the traditional view of a depleted and

invariant surface dissolved phosphate pool, a significant vertical variability of DIP and

DOP was revealed in upper waters. A positive gradient of DIP was observed above

the phosphacline, between the MLD and the deep chlorophyll maximum (DCM) depth,

suggesting a potential diffusion of new phosphate to near-surface waters, even under

stratified conditions. Interestingly, despite this apparent DIP availability, a significant

negative gradient of DOP concentration was observed in the same layer. Finally, the

positive gradient in DIP coincided with a significant increase in N:P ratio, suggesting

a higher rate of increase of N than of P. The results obtained in this study indicate that

acquiring nanomolar DIP data is a sine qua non condition for the comprehension and

prediction of the biogeochemical functioning of P-depleted oceanic regions, such as the

Mediterranean Sea.
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INTRODUCTION

Nitrogen (N) and phosphorus (P) are essential macronutrients
for sustaining marine organisms (Redfield, 1958). By controlling
the efficiency of the biological pump, N and P determine the
strength of the oceanic carbon uptake (Balino et al., 2001). Over
the vast oligotrophic ocean, upper waters are often subjected
to N and P exhaustion due to a strong vertical stratification
and an active drawdown by biological activity (Tyrrell, 1999).
N has traditionally been viewed as the limiting nutrient of
primary production in marine waters (Ryther and Dunstan,
1971). However, with an increased understanding of the N
cycling in the ocean, there is a growing awareness that P has
also the potential to limit primary production in certain regions
of the oligotrophic ocean (i.e., Wu et al., 2000; Moutin et al.,
2008; Lomas et al., 2010). The Redfield N:P ratio of 16:1 has been
considered as a fundamental tenet in marine biogeochemistry.
Deviations from this canonical ratio have been used to provide
insights, for instance, on the efficiency of carbon sequestration
in the ocean (Sigman and Boyle, 2000), or on nutrient limitation
of primary production (i.e., Falkowski and Raven, 1997; Moore
et al., 2013). In some oligotrophic regions, such as the North
Atlantic subtropical gyre, N:P ratios in near-surface waters are
higher than 16:1, suggesting a depletion of P before that of N (Wu
et al., 2000; Ammerman et al., 2003).

In such P-depleted oligotrophic regions, the quantification
of dissolved inorganic phosphate (DIP) is a challenging task
because concentrations drop to nanomolar (nM) levels, so
unquantifiable using the conventional automated colorimetric
procedure (CACP) which presents a limit of detection (LOD)
of 20 nM, at best cases. Alternative analytical procedures have
been introduced to improve the LOD and precision of DIP
analysis (see review by Patey et al., 2008). The pre-concentration
by magnesium-induced co-precipitation (MAGIC) method
substantially improved the amount of DIP data at nM levels
(Karl and Tien, 1992; Rimmelin and Moutin, 2005). During
the last decade, the Liquid Waveguide Capillary Cell (LWCC)
method, have gained a foothold as a reliable method for nM DIP
measurements (i.e., Zhang and Chi, 2002; Patey et al., 2008). By
using these high sensitive methods, studies in both the North
Pacific (Karl et al., 2001 and references therein; Suzumura et al.,
2012; Hashihama et al., 2013) and North Atlantic (Ammerman
et al., 2003; Lomas et al., 2010) subtropical gyres have revealed
DIP concentrations as low as 0.2 nM (Wu et al., 2000). Moreover,
since the determination of dissolved organic phosphate (DOP)
relies upon DIP measurements, some of the above cited studies
have also provided accurate DOP data (i.e., Mather et al., 2008;
Suzumura et al., 2012), crucially enhancing our knowledge on
the biogeochemical functioning of P-depleted oceanic regions,
where DOP represents a P source for sustaining community
productivity (Karl and Björkman, 2015 and references therein;
Sato et al., 2013).

The Mediterranean Sea is one of the world’s most oligotrophic
oceanic regions. It is divided into two sub-basins, western and
eastern, exhibiting distinct hydrodynamics and biogeochemical
features. The Mediterranean Sea exhibits low nutrient
concentrations, with a west to east decreasing gradient (Krom

et al., 1991; Moutin and Raimbault, 2002; De Madron et al.,
2011), partly linked to its anti-estuarine thermohaline circulation
(Crispi et al., 2001). Available nutrients in the Atlantic surface
inflow entering the Mediterranean Sea are consumed along the
way to the eastern basin and exported to deep waters (Crise
et al., 1999; Lazzari et al., 2012). Consequently, the western
Mediterranean basin is oligotrophic while the eastern basin is
ultraoligotrophic (Moutin and Raimbault, 2002).

In the Mediterranean surface waters, DIP concentration has
been shown to limit primary production, nitrogen fixation and
heterotrophic bacterial activity (Van Wambeke et al., 2002;
Thingstad et al., 2005). These findings are supported by low
DIP concentrations measured in upper waters and a deep N:P
ratio which diverges greatly from the canonical Redfield ratio,
with values ranging between 21 and 23 in the Western basin
(Bethoux et al., 1992) and even higher in the Eastern basin
(Krom et al., 1991). Surface DIP concentration in surface waters
is systematically below 20 nM (LOD of the CACP) during the
stratification period, dramatically constraining data coverage in
this oceanic region (i.e., Pujo-Pay et al., 2011; Céa et al., 2015).
The depth at which DIP concentration becomes measurable by
the CACP is usually used to define the phosphacline and it
has been reported to be between 45m and 120m, during the
stratified period, in the western and eastern Mediterranean Sea,
respectively (Moutin and Raimbault, 2002). To date, lack of DIP
data above this phosphacline has precluded resolving vertical
variability in this key layer as has led to the traditional view of an
entirely depleted and invariant dissolved phosphate surface pool.
Few studies, however, by using sensitive determination of DIP,
have reported low but detectable increases in nanomolar DIP
concentration above the phosphacline adding evidence against
this traditional view (VanWambeke et al., 2002; Krom et al., 2005;
Djaoudi et al., 2017). Nevertheless, the scarcity and the sparse
nature of available nM DIP data in the Mediterranean Sea still
precludes a complete assessment of DIP dynamics in the upper
waters at the basin scale.

As for DIP, a critical gap in accurate DOP data (i.e., based on
nanomolar DIP measurements) persists in the upper waters of
the Mediterranean Sea (Moutin and Raimbault, 2002; Pujo-Pay
et al., 2011). Indeed, only two studies have reported nanomolar
DIP and DOP data simultaneously (Krom et al., 2005; Djaoudi
et al., 2017). In the Mediterranean Sea, when DIP is exhausted,
DOP becomes a possible alternative source of P as confirmed
by high activities of alkaline phosphatase suggesting an active
utilization of the DOP pool in upper waters (VanWambeke et al.,
2002, 2009; Thingstad and Mantoura, 2005). How and to which
extent such biogeochemical dynamics induce changes in DOP
concentration above the phosphacline remains unknown.

In this study, we conducted cross-basin observations of nM
DIP and DOP concentration in the Mediterranean Sea with
emphasis on upper waters. The main goals of this work are: (1)
to extend the nM dataset of accurate paired DIP/DOP data in the
upper Mediterranean Sea under stratification conditions, (2) to
examine the vertical variability of both DIP and DOP above the
phosphacline, under stratification conditions and, (3) to better
resolve the DIN:DIP and DON:DOP ratios in the upper waters of
this P-depleted oceanic region.
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MATERIALS AND METHODS

Study Area and Sampling

This study was performed in the framework of two research
cruises carried out in 2015 in the Mediterranean Sea, during
the stratification period,MOOSE-GE (doi.org/10.18142/235) and
BioArgomed (doi.org/10.17882/51678) (Figure 1).

The MOOSE-GE (Mediterranean Ocean Observing System
for the Environment– Grande Échelle) cruise took place on board
the R/V Le Suroit between 10 and 26 July in the oligotrophic
North Western Mediterranean Sea (NWMS). The BioArgoMed
cruise took place on board the R/V Tethys II between 13May and
03 June along an east to west transect (E-W transect) crossing the
ultraoligotrophic Ionian and Tyrrhenian Seas. Therefore, these
cruises covered the two Mediterranean sub-basins, western and
eastern, which exhibit distinct hydrological and biogeochemical
features (i.e., De Madron et al., 2011).

During the two cruises, oceanographic casts were acquired
using a conductivity-temperature-depth profiling system
(SBE911 + CTD unit). The density profiles were calculated from
temperature and salinity profiles, and linearly interpolated at 1m
depth intervals. Fluorescence profiles were provided by a Chelsea
Aquatracka 3 fluorimeter interfaced with the CTD unit.

Seawater samples were collected during up casts with a
carousel of Niskin bottles for analyses of dissolved phosphate
(dissolved inorganic phosphate, DIP; total dissolved phosphate,
TDP) and dissolved nitrogen (dissolved inorganic nitrogen,
DIN; total dissolved nitrogen, TDN). In the present study, DIN
includes nitrate + nitrite concentration and does not include
ammonium. Pujo-Pay et al. (2011) reported NH+

4 concentrations
in the Mediterranean Sea between 0 and 10 nM, indicating that
DIN data reported in this study can suffer from up to 10 nM
underestimation.

Samples were collected in duplicate and filtered on board
through a pre-cleaned (500mL of ultrapure water) 0.2µm
syringe filter. Samples were then disposed into acid washed
HDPE-60mL bottles and were stored frozen (−20◦C) until
analysis. To check for potential N and P contamination
through filtration, DIP and DIN concentration were analyzed
on ultrapure water filtered the same way as samples. DIN
concentration in such blanks was below the limit of detection.
DIP concentrations in the blanks was 2.8 ± 0.6 nM (n = 5),
not significantly different from the reagent blanks (2.2± 0.3 nM,
n= 5).

During the MOOSE-GE cruise, seawater samples were
collected at 25 stations (Figure 1), between the surface and
100m at 4 different depths. Sampling depths were chosen
according to the density and fluorescence depth profiles. Density
profiles were used to determine the depth of the mixed layer,
in which a sampling point was defined (depth 1, Figure 2).
From the fluorescence depth profiles, which exhibited the
characteristic subsurfacemaximum (deep chlorophyll maximum,
DCM) reported for the western Mediterranean Sea during the
stratification period (Lavigne et al., 2015), 3 sampling points were
defined: one point at the DCM (depth 3, Figure 2) and two points
above and below the DCM (depths 2 and 4, Figure 2). During
the BioArgoMed cruise, seawater samples were collected from 6

stations (Figure 1) at 6 different depths between the surface and
120m.

Dissolved Nutrient Analysis
DIP concentration was determined by using both the CACP
(Aminot and Kérouel, 2007) and the LWCC method (Zhang
and Chi, 2002). Both spectrophotometric methods are based on
the molybdenum blue reaction, described by Murphy and Riley
(1962). In the LWCC method, according to the Beer-Lambert
law, the sensitivity of the spectrophotometric measurement
is improved by increasing the optical path length of the
measurement cell from 1 cm (CACP) to 2.5m (LWCC). The
LOD, estimated as three times the standard deviation of ten
measurements of the blank, was 20 and 0.8 nM for the CACP
and the LWCC method, respectively. For the LWCC method,
the linearity of absorbance vs. DIP concentration was assessed,
and the dynamic range was determined to be between 0.8 and
143 nM. Therefore, for DIP concentrations above such range,
the DIP value provided by the CACP was used. Between 20 and
143 nM (range of concentrations for which both methods are
comparable), the relationship between the two methods followed
a linear model (r = 0.96; n = 80) with a slope of 1.14 ± 0.04, not
significantly different from 1 (p > 0.05).

Total dissolved phosphate (TDP) concentration was analyzed
by using the CACP after sample processing by the wet
oxidation method (Valderrama, 1981). DOP concentrations
were then estimated by subtracting nM LWCC-DIP from TDP
concentrations, with an analytical precision of 7%.

Dissolved inorganic nitrogen (DIN) and total dissolved
nitrogen (TDN) concentrations were measured by using the
CACP with a LOD of 50 nM. As for TDP, samples for TDN were
processed according to the wet oxidation method (Valderrama,
1981). Dissolved organic nitrogen (DON) concentrations were
then estimated by subtracting DIN from TDN concentrations.

Data Treatment and Calculations
The mixed layer depth (MLD) was estimated from the density
profiles as the depth where the difference of density from the
surface reference (i.e., density at 10m depth) was 0.03 kg m−3

(De Boyer Montégut, 2004).
The depth of the phosphacline was calculated as the

average of 4 phosphacline depth values determined based on
4 different reported criteria following Van Wambeke et al.
(2009). Phosphacline1 and phosphacline2 were calculated as
the shallowest depths in which DIP concentrations exceeded
the mixed layer value by 10 and 50 nM, respectively (Van
Wambeke et al., 2009); phosphacline3 and Phosphacline4 were
calculated as the depths in which DIP concentrations exceeded
the concentration at the immediate previous depths by 20 and
100 nM, respectively (Van Wambeke et al., 2009; Pujo-Pay et al.,
2011).

The Wilcoxon signed-rank test was used to assess the
overall significance of the vertical differences in DIP and DOP
concentration for each cruise. For each individual profile, vertical
differences in DIP and DOP concentration where considered
significant when they were higher than the LOD and precision
of the analytical methods.
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FIGURE 1 | Station locations in the North Western Mediterranean Sea (MOOSE-GE cruise, black circles) and along an E-W transect crossing Ionian and Tyrrhenian

seas (BioArgomed cruise, black triangles). The squares represent sampling stations from published studies reporting nanomolar dissolved inorganic phosphate in the

Mediterranean Sea (green squares: PROSOPE cruise, 1999; blue squares: BOUM cruise, 2008; red squares: MOOSE-ANTARES and MOOSE-DYFAMED fixed

stations, see Table 1 for references).

FIGURE 2 | Schematic representation of the sampling depth determination in

the North Western Mediterranean Sea, based on density (black plot) and

fluorescence (dashed green plot) depth profiles.

RESULTS

Over the study area and for both cruises, a stratification of the
water column was observed. The MLD ranged between 6 and
30m with an average of 13 ± 5m (n = 25) during the MOOSE-
GE cruise (hereafter, NWMS: for NW Mediterranean Sea) and
between 14 and 20m with an average of 17± 3m (n= 6) during
the BioArgoMed cruise (hereafter, E-W transect) (Figure 3).
The phosphacline depth in the NWMS ranged between 30 and

89m with an average of 56 ± 14m for 21 stations and was
higher than 100m for the remaining 4 stations (Figure 3). Along
the E-W transect, the phosphacline depths were higher than
120m (maximum sampled depth) except for one value at 70m
(Figure 3).

Dissolved Phosphate Pools
By using the LWCC, all DIP concentrations in the upper waters of
theMediterranean Sea obtained in this study were above the LOD
of 0.8 nM. Compared to the CACP, the sensitive LWCC method
resulted in a 75% increase of valid DIP data and therefore of DOP
data in the study area.

Surface (0–100m) DIP concentration in the NWMS ranged
over two orders of magnitude, between 3.6 and 251 nM
(Figure 3A). Surface (0–120m) DIP concentrations along the E-
W transect were lower, ranging between 0.9 and 14.6 nM except
for one single value at 127.5 nM (Figure 3B). DIP concentrations
above the MLD ranged between 4.9 and 26.5 with an average of
12.8 ± 6.8 (n = 28) in the NWMS (Figure 3A) and between 0.9
and 11.4 nM with an average of 5.5 ± 3.6 nM (n = 11) along the
E-W transect (Figure 3B).

Concerning vertical variability, DIP concentration in the
NWMS exhibited a first significant increase between the MLD
and the DCM depth (Wilcoxon signed-ranks test, Z = 3.2,
p < 0.01, n = 25) (Figure 4). It then increased more sharply
between the DCM depth and 100m (Wilcoxon signed-ranked
test, Z = 4.0, p < 0.001, n = 25) (Figure 4). In order to
get a deeper insight on the observed DIP vertical variability, a
gradient of DIP was calculated by dividing the difference in DIP
concentration by the corresponding difference in depth. In the
NWMS, the first DIP positive gradient (between theMLD and the
DCMdepth) was recorded in 21 out of 25 of the sampling stations
(Figure S1) and ranged between 0.04 and 3.2 nM m−1 with an
average of 0.4 ± 0.7 nM m−1. The second positive gradient
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FIGURE 3 | Vertical section of dissolved inorganic phosphate concentrations (DIP) in the North Western Mediterranean Sea (between the surface and 100m, A) and

along the E-W transect crossing Ionian and Tyrrhenian seas (between the surface and 120m, B). The red plot represents the mixed layer depth. The orange plot

represents the phosphacline depth. Note that the scale of the color bar has been tightened to point out the positive gradient of DIP in the North Western

Mediterranean Sea.

FIGURE 4 | Dissolved inorganic phosphate (DIP) concentration between the surface and 100m in the North Western Mediterranean Sea (circles) and between the

surface and 120m along the E-W transect crossing Ionian and Tyrrhenian seas (triangles). The black plot represents the mean profile of DIP concentration and the

bounded line the standard deviation from the mean. The blue dashed line corresponds to the limit of detection (LOD) of the conventional automated colorimetric

procedure (20 nM). The green plot represents the fluorescence profile (mean ± standard of deviation).

(between the DCM depth and 100m) was recorded in 21 out of
25 of the sampling stations (Figure S1) and ranged between 0.03
and 5.7 nM m−1 with an average of 2.6± 1.6 nM m−1.

Likewise, along the E-W transect, a significant increase in
DIP concentration was observed between the MLD and the
DCM depth (Wilcoxon signed-ranks test, Z = 2.2, p < 0.05,
n = 6) (Figure 4). This DIP positive gradient was recorded for
all stations and ranged between 0.01 and 0.08 nM m−1 with
an average of 0.04 ± 0.03 nM m−1 (Figure S1). Because in
the E-W transect the maximum sampling depth was above the
phosphacline, the second increase in DIP concentration below
the DCM was not observed.

Surface DOP concentration in the NWMS ranged between
4 and 149 nM with an average of 44 ± 25 nM (n = 100)
(Figure 5A). As for DIP, DOP concentrations were lower along
the E-W transect, ranging between 15 and 64 nM with an average
of 33 ± 12 nM (n = 36) (Figure 5B). DOP concentration above
the MLD ranged between 17 and 139 nM with an average of 47
± 36 (n = 28) in the NWMS (Figure 5A) and between 20 and
62 nM with an average of 35 ± 11 nM (n = 11) along the E-W
transect (Figure 5B).

Concerning the vertical variability, DOP concentration in
the NWMS exhibited a significant decrease between the MLD
and the DCM (Wilcoxon signed-ranks test, Z = 2.1, p < 0.05,
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FIGURE 5 | Vertical section of dissolved organic phosphate concentrations (DOP) in the North Western Mediterranean Sea (between the surface and 100m, A) and

along the E-W transect crossing Ionian and Tyrrhenian seas (between the surface and 120m, B). The red plot represents the mixed layer depth. The orange plot

represents the phosphacline depth. Note that the scale of the color bar has been tightened to point out the negative gradient of DOP in the North Western

Mediterranean Sea.

FIGURE 6 | Dissolved organic phosphate (DOP) concentration in the North Western Mediterranean Sea (circles) and Along the E-W transect crossing Ionian and

Tyrrhenian seas (triangles). The black plot represents the mean depth profile of DOP concentrations and the bounded line the deviation from the mean. The green plot

represents the fluorescence profile (mean ± standard of deviation).

n = 25) (Figure 6). As for DIP, a DOP gradient between the
MLD and the DCM was calculated by dividing the difference
in DOP concentration by the corresponding difference in depth.
The negative gradient of DOP in this layer was recorded in 15 out
of 25 of the sampling stations (Figure S2) and ranged between
0.05 and 2.7 nMm−1 with an average value of 0.6± 0.7 nMm−1.

Along the E-W transect, no significant difference in DOP
concentration was observed between the MLD and the DCM
depth (Wilcoxon signed-ranks test, Z = 0.94, p > 0.05, n= 6).

N:P Molar Ratios in the Upper
Mediterranean Sea
In the NWMS, surface (0–100m)DIN:DIP ratios ranged between
2 and 165 (Figure 7) and DON:DOP ratios ranged between

55 and 525 (Figure 8). Above the mixed layer depth, DIN:DIP
ratios ranged between 1 and 65 with an average of 20 ± 19 and
DON:DOP ratios between 113 and 312 with an average of 182
± 55. Along the E-W transect, 50% of DIN data were below the
LOD of the CACP. When DIN data were available, the surface
(0–120m) DIN:DIP ratios in this area ranged between 10 and
289 (Figure 7) and DON:DOP ratios ranged between 67 and 252
(Figure 8). Along the E-W transect, DIN:DIP and DON:DOP
molar ratios have not been calculated above the MLD due to
insufficient valid DIN data.

Regarding vertical profiles, in the NWMS, there was a
significant increase of DIN:DIP (Wilcoxon signed-ranks test,
z = 3.4, p < 0.001, n = 19) and of DON:DOP ratios (Wilcoxon
signed-ranks test, z = 2.4, p < 0.05, n = 17), between the MLD
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FIGURE 7 | DIN:DIP molar ratios between the surface and 100m in the NWMS (circles) and DIN:DIP ratios between the surface and 120m along the E-W transect

(triangles). The black plot represents the mean depth profile of the DIN:DIP ratio, the bounded line the standard deviation from the mean and the dark vertical line the

Redfield molar ratio of 16:1.

FIGURE 8 | DON:DOP ratios between the surface and 100m in the North Western Mediterranean Sea (circles). DON:DOP molar ratios between the surface and

120m along the E-W transect (triangles) crossing Ionian and Tyrrhenian seas. The black plot represents the mean depth profile of the DON:DOP ratio, the bounded

line the standard deviation from the mean and the black vertical line the Redfield molar ratio of 16:1.

and the DCM (Figures 7, 8). The increase in the DIN:DIP ratio
was observed for 15 out of 19 stations (Figure S3) and ranged
between 0.2 and 5.7 m−1. The increase in the DON:DOP ratio
within this layer was observed for 12 out of 17 stations (Figure S4)
and ranged between 0.2 and 9.3 m−1. Along the E-W transect, no
assessment of the vertical variability of N:P ratios was made due
to insufficient valid DIN data.

DISCUSSION

In the Mediterranean Sea, the existent dataset of nM
measurements of DIP at both spatial and temporal scales is
severely scarce. The few reported nM concentrations of DIP are
limited to two cross-basin cruises (PROSOPE cruise in 1999,

Moutin et al., 2002: 7 values reported; Van Wambeke et al.,
2002: 2 profiles reported and BOUM cruise in 2008: Talarmin
et al., 2015, 5 profiles reported) and data acquired as part of the
CYCLOPS project in the eastern basin of the Mediterranean
Sea (Krom et al., 2005, 3 profiles reported). Two additional
studies reported 1-year time series of surface nM DIP in the NW
Mediterranean Sea at fixed observation stations: DYFAMED
(Pulido-Villena et al., 2010) and ANTARES (Djaoudi et al.,
2017). By reporting an important amount of vertical profiles
along a longitudinal gradient, the present study is the first to
extensively address the distribution of nM DIP in the P-depleted
Mediterranean surface waters.

The nM DIP data obtained in this study are within the
range reported in the above cited few previous studies, despite
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the use of different methods of analysis (Table 1). Regarding
the longitudinal pattern of nM DIP, as previously reported by
Moutin et al. (2002) for bioavailable DIP concentration in the
upper layer (between 10 and 15m), the present study shows a
decreasing trend toward the East within the mixed layer with
lower concentrations along the E-W transect (5.5 ± 3.6 nM)
compared to the NWMS (12.8 ± 6.8 nM). This longitudinal
gradient extends below the mixed layer (between the surface and
100m), in contrast to Talarmin et al. (2015) study in which DIP
concentrations (between the surface and 130m) did not show any
clear longitudinal trend crossing a W-E transect.

Regarding the vertical variability of surface DIP, the few
existing data revealed a low but detectable increase of DIP
concentration in the layer encompassing the DCM depth (Van
Wambeke et al., 2002; Krom et al., 2005). In the present
study, a significant vertical gradient of DIP but also of DOP
was observed in both the NWMS and the E-W transect,
allowing the generalization of this vertical pattern to the whole
Mediterranean Sea. The positive gradient of DIP occurred
above the phosphacline depth (Figure S1), suggesting that the
phosphacline may be shallower than previously thought in both
the NWMS and along the E-W transect. This result confirms
that DIP in surface waters is not just a depleted invariant pool,
highlighting the need to refine the criteria of the phosphacline
determination.

The observed positive gradient of DIP, both in the NWMS
and along the E-W transect, was higher than the bioavailable
orthophosphate (<1–3 nM) reported by Moutin et al. (2002)
in the upper waters (10–15m). This means that the positive
gradient of DIP observed in this study may be sufficient to
sustain a biological activity in the surface waters, particularly
by promoting microbial assemblages with very high-affinity
transport systems and living very close to the theoretical diffusion
limit for uptake. Indeed, the success of Synechococcus in the
oligotrophic Mediterranean Sea has been linked to its ability to
acquire phosphate even at low (<5 nM) concentrations (Moutin
et al., 2002). However, the lack of biological data in this study
precludes any deeper interpretation of the observed DIP gradient
in a biological context.

The DIP concentration in surface waters would be the net
resultant between biological and physical sources and sinks. The
appearance of a positive gradient in upper waters suggests a
balance in favor of DIP supply. This positive gradient of DIP
could indeed arise from vertical phosphate diffusion from deep
layers, suggesting the potential ability of new DIP to reach the
upper waters even under stratification conditions in spite of
an active biological uptake. The positive gradient of DIP above
the phosphacline was, on average, higher in the NWMS than
along the E-W transect, in agreement with reported differences
in oligotrophy degree between the two sub-basins. Differences
in DIP diffusion from deep layers, but also in rates of DOP
hydrolysis could explain the observed differences in DIP gradient
between the two cruises.

DOP data reported in this study are within the range of
previous studies (Table 1), despite using different digestion
methods (wet persulfate oxidation vs. UV digestion). Regarding
the vertical profiles, this study revealed an important variability

of DOP concentration in surface waters. Indeed, in the NWMS,
a significant negative gradient of DOP was observed between
the MLD and the DCM depth (av. 0.6 ± 0.7 nM m−1),
which could be the result of its potential bioavailability. High
alkaline phosphatase activities have been reported in the NW
Mediterranean basin (Van Wambeke et al., 2002; Thingstad
and Mantoura, 2005), suggesting an active DOP hydrolysis of
phospho-ester bonds which could explain the DOP decrease
observed in our study. Interestingly, the negative DOP gradient
coincided with the DIP positive gradient, suggesting a DOP
utilization even under available DIP conditions. These findings
could suggest a possible simultaneous biological uptake of both
DIP and DOP in this layer. In a cross-basin cruise in the
Mediterranean Sea, Van Wambeke et al. (2002) showed that
heterotrophic prokaryotes switched from P to labile carbon
limitation at depths where DIP was still undetectable by the
conventional technique. Thus, another explanation for the
observed DOP decreasing gradient at the DCM depth coincident
with sufficiently available DIP is a possible limitation by organic
carbon, based on the hypothesis that another role of alkaline
phosphatase is to decompose dissolved organic matter (Nausch
and Nausch, 2004; Luo et al., 2011). Therefore, if the diffusion
is enough to maintain a DIP gradient in the nanomolar range
and, thus, remove P limitation, then the observed DOP decrease
may be a consequence of the shift from P to C limitation.
Again, further studies combining nanomolar DIP and DOP
measurements with biological data are needed to confirm the
biological meaning of the observed gradients.

N:P Ratios
N:P ratios in the upper waters reported in this study showed
a high variability in both inorganic and organic pools. This
contrasts with the deep waters of the Mediterranean Sea in which
N:P ratios are constrained to a narrow range of values, between
21 and 22 in the western basin, and somewhat higher in the
eastern basin (Krom et al., 1991; Bethoux et al., 1992). The
vertical profiles of DIN:DIP ratio exhibited the classical shape
reported for the Mediterranean Sea surface waters, during the
stratification period, with a marked increase of the DIN:DIP ratio
in subsurface water (Diaz et al., 2001; Moutin and Raimbault,
2002; Van Wambeke et al., 2009). Based on the conventional
definition of nutriclines, this increase would be due to a nitracline
shallower than the phosphacline, as previously reported (Moutin
and Raimbault, 2002; Van Wambeke et al., 2009; Pujo-Pay et al.,
2011). In this study, the use of the sensitive LWCC technique for
DIP analysis revealed that this increase of the N:P ratio occurred
between the MLD and the DCM depth. As said previously,
a positive gradient of nM DIP was recorded in this layer,
indicating the existence of a higher gradient of DIN compared
to DIP. This observation stresses the need to extend nanomolar
measurements to DIN concentration for a better understanding
of the controlling factors of DIN:DIP ratios variability as on other
oceans, DIN also can be the first limiting nutrient (i.e., Gruber,
2008)

The DON:DOP molar ratios in the surface waters of both
NWMS and along the E-W transect were higher than the
corresponding DIN:DIP ratios pointing to a DOP depletion
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TABLE 1 | Summary of published data on nanomolar dissolved inorganic phosphate (DIP) and dissolved organic phosphate (DOP) concentration in the Mediterranean

Sea.

Location Period of

sampling

Depth [m] DIP [nM] Method of

analysis

DOP [nM] Method of

hydrolysis

References

NW Mediterranean

Sea Eastern

Mediterranean Sea

(PROSOPE cruise,

1999)

Stratification 10–15

0–150

3.1

5–100

Derived from

turnover time

of phosphate

MAGIC

_

_

_

_

Moutin et al., 2002

Van Wambeke

et al., 2002

Eastern

Mediterranean Sea

Stratification Surface

waters

2–6 nM LWCC 50 - 60 UV oxidation Krom et al., 2005

NW Mediterranean

Sea

(MOOSE-DYFAMED

station: 43. 41◦ N; 7.

87◦ E)

Stratification

Mixing

0–40 ≤6 nM

200–350

LWCC _ _ Pulido-Villena

et al., 2010

NW Mediterranean

Sea Eastern

Mediterranean Sea

(BOUM Cruise)

Stratification 0–< 130 6 – 80 MAGIC _ _ Talarmin et al.,

2015

NW Mediterranean

Sea

(MOOSE-ANTARES

station: 42.8 ◦N;

6,00◦E)

Stratification 0–200 2–47 nM (above

the MLD)

>47–300

LWCC 24 - 130 UV oxidation Djaoudi et al.,

2017

NW Mediterranean

Sea (MOOSE-GE)

E-W transect

(BioArgoMed)

Stratification

Stratification

0–100

0–120

3.6–251

0.9–14.6 (one

exceptional value

at 127.5 nM)

LWCC 4–149

15–64

Persulfate wet

oxidation

This study

Depth of the corresponding measurements as well as the methods used for both DIP analysis and DOP hydrolysis are presented. MAGIC and LWCC relate to the magnesium induced

co-precipitation and the liquid waveguide capillary cell methods, respectively.

relative to DON. This could be the result of a preferential
remineralization of DOP with depth as reported by Aminot
and Kérouel (2004) in the Mediterranean Sea and by Letscher
and Moore (2015) at the scale of the global ocean. Similarly
to the DIN:DIP molar ratios, an increase of the DON:DOP
was observed at the DCM depth. This finding could be
related to a biological utilization of DOP, since in this layer a
negative gradient of DOP was observed. Nevertheless, accurate
measurement of DON, implying nM measurements of nitrogen,
would help to a better constraining of the DON:DOP variability
in upper waters.

CONCLUSION

This study reports the first cross-basin distribution of nM
DIP and DOP in the P-depleted Mediterranean surface waters.
Surface DIP and DOP concentration showed an important
variability on both longitudinal and vertical axis. Vertical profiles
of DIP exhibited a significant positive gradient above the
phosphacline, suggesting the potential of new phosphate to
reach the near-surface waters by diffusion even under stratified
conditions, and giving evidence against the traditional view of a
depleted invariant DIP pool in the surface Mediterranean Sea.
Despite this evidence of sufficient P availability, a significant

negative gradient of DOP concentration was observed between
themixed layer depth and the DCM. Finally, the positive gradient
in DIP was accompanied by a concomitant increase in N:P
ratios, suggesting the existence of a higher gradient in DIN
compared to DIP. The results obtained in this study indicate
that acquiring nanomolar DIP data is a sine qua non condition
for the comprehension and prediction of the biogeochemical
functioning of the P-depleted Mediterranean Sea.
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