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Abstract. This paper provides an extensive vertical and lon-

gitudinal description of the biogeochemistry along an East-

West transect of 3000 km across the Mediterranean Sea dur-

ing summer 2008 (BOUM cruise). During this period of

strong stratification, the distribution of nutrients, particulate

and dissolved organic carbon (DOC), nitrogen (DON) and

phosphorus (DOP) were examined to produce a detailed spa-

tial and vertically extended description of the elemental stoi-

chiometry of the Mediterranean Sea. Surface waters were de-

pleted in nutrients and the thickness of this depleted layer in-

creased towards the East from about 10 m in the Gulf of Lion

to more than 100 m in the Levantine basin, with the phospha-

cline deepening to a greater extent than that for correspond-

ing nitracline and thermocline depths. We used the minimum

oxygen concentration through the water column in combina-

tion with 2 fixed concentrations of dissolved oxygen to dis-

tinguish an intermediate layer (Mineralization Layer; ML)

from surface (Biogenic Layer; BL), and deep layers (DL).

Whilst each layer was represented by different water masses,

this approach allowed us to propose a schematic box-plot

representation of the biogeochemical functioning of the two

Mediterranean basins. Despite the increasing oligotrophic
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nature and the degree of P-depletion along the West to East

gradient strong similarities were encountered between east-

ern and western ecosystems. Within the BL, the C:N:P ra-

tios in all pools largely exceeded the Redfield ratios, but sur-

prisingly, the nitrate vs. phosphate ratios in the ML and DL

tended towards the canonical Redfield values in both basins.

A change in particulate matter composition has been identi-

fied by a C increase relative to N and P along the whole water

column in the western basin and between BL and ML in the

eastern one. Our data showed a noticeable stability of the

DOC:DON ratio (12–13) throughout the Mediterranean Sea.

This is in good agreement with a P-limitation of microbial

activities but in contradiction of the accepted concept that N

is recycled faster than C. The western and eastern basins had

similar or close biological functioning. Differences come

from variability in the allochtonous nutrient sources in terms

of quantity and quality, and to the specific hydrodynamic fea-

tures of the Mediterranean basins.

1 Introduction

The carbon (C), nitrogen (N), and phosphorus (P) elemental

composition of mineral and organic matter in marine envi-

ronments is a key factor for relating carbon and nutrient cy-

cles. Stoichiometric ratios are powerful tools to model basic
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biogeochemical patterns of the sea. Since Redfield (1934)

presented this concept of closely linked elemental ratios in

the biogeochemical cycles of the ocean, it has served as one

of the foundations of biogeochemical researches (Falkowski

and Davis, 2004). Indeed, the nutrient ratios in the sea have

been recurrently used as water mass tracers and as effective

markers of biotic and of the biogeochemical processes taking

place in the ocean interior (Redfield et al., 1963; Sterner et

al., 2008). The canonical values proposed by Redfield (mo-

lar ratio of 105:16:15:1 in the North-Atlantic for C:N:Si:P)

still hold as a reference (e.g. Arrigo, 2005). Measurements

of C:N:P ratios and anomalies relative to the Redfield values

are generally useful to describe the functioning of complex

food webs and to examine the processes that regulate marine

biogeochemistry. These anomalies have been successfully

used to trace temporal changes occurring in the global ocean

on a wide range of scales (e.g. Falkowski, 1997; Pahlow and

Riebesell, 2000; Béthoux et al., 2002; Sarmiento and Gruber,

2006), including estimation of the global distribution of an-

thropogenic carbon (Gruber and Sarmiento, 1997), rate of ni-

trogen fixation (Deutsch et al., 2007), denitrification (Tyrrell

and Lucas, 2002), and ocean mixing (Schroeder et al., 2010).

Although the scientific community has gained greater in-

sights into elemental cycling by using the Redfield ratios, the

processes that create the near constancy in elemental ratios

continue to be examined (i.e. Klausmeier et al., 2008). It is

known that the elemental composition of biotic and abiotic

compartments can widely vary with environmental condi-

tions (light, temperature, trophic status), or growth rate of liv-

ing organisms (Hansell and Carlson, 2002; Anderson et al.,

2005; Conan et al., 2007; Sterner et al., 2008). Spatial vari-

ability in elemental ratios has been reported with respect to

remineralisation of organic matter changing with depth and

with ambient oxygen levels (Paulmier and Ruiz-Pino, 2009).

Climate change effects are predicted to play a prominent

role in modifying the Mediterranean nutrient status that can

result from a direct change of the total input rates and/or al-

teration of nutrient stoichiometry, which will affect the mi-

crobial activity and diversity and subsequently, the whole

ecosystem (Turley, 1999; Crispi et al., 2001). For example,

the predicted increase in sea surface temperature combined

with changes in thermohaline circulation will accentuate the

thermal stratification of the surface layer which may reduce

the supply of nutrients to the photic layer through vertical

transport (Marty and Chiavérini, 2010). This is likely to in-

crease the severity of oligotrophic conditions and therefore,

the potential role of external inputs operating on larger time-

scales will become relatively more important in controlling

the nutritional status of the Mediterranean Sea (for more de-

tails, see Mermex group, 2011).

The Mediterranean Sea is an elongated semi-enclosed

basin with significant exchanges only at the Gibraltar strait.

It is divided in two sub-basins, linked via the Sicilian strait,

which has a shallow sill that helps to decouple the hydrody-

namic and ecological conditions in the two sub-basins, the

western and the eastern basins. The presence of these 2

shallow sills precludes a significant exchange of deep waters

with the Atlantic Ocean as well as between the two Mediter-

ranean basins. The general circulation transforms surface At-

lantic Water into a set of saltier and denser typical Mediter-

ranean Waters that are formed in different areas within the

sub-basins and thus have distinct hydrological characteris-

tics. Robinson et al. (2001) described the western basin scale

thermohaline cell, as driven by deep water formed in the Gulf

of Lion and spreading from there. Intense mesoscale activ-

ity exists along the coastal current, within the mid-sea eddies

and along the outer rim swirl flow of a sub-basin scale gyre

(Millot and Taupier-Letage, 2005). The basin scale thermo-

haline cell of the eastern basin is mainly composed of en-

ergetic sub-basin scale gyres linked by sub-basin scale jets.

The active mesoscale processes are shown by a field of in-

ternal eddies, meanders along the border swirl flow of a sub-

basin scale gyre, and as meandering jet segments (Robinson

et al., 2001).

The Mediterranean Sea has long been known as a low nu-

trient concentration basin (Mc Gill, 1965; Krom et al., 1991)

and as one of the largest nutrient-depleted area in the world

(Ignatiades, 2005) though exhibiting increasing oligotrophy

from west to east. Mediterranean coastal areas directly inter-

act with the pelagic environment, since the shelves are rela-

tively narrow. The Mediterranean response to external condi-

tions is relatively fast compared to the other oceans (Crispi et

al., 2001) and physical/ecological interactions at basin scale

may have profound influence in determining the evolution of

the ecosystems. Local environmental events such as wind-

driven mixing, mesoscale hydrodynamical processes, river

discharges (Ludwig et al., 2010) and atmospheric depositions

(wet and dry) have an important role on the local fertiliza-

tion (Mermex Group, 2011). The Mediterranean Sea is par-

ticularly relevant for biogeochemical studies, because litera-

ture reported anomalous values in nutrient ratios as compared

to other oceanic provinces (Béthoux and Copin-Montégut,

1988; Herut et al., 1999; Kress and Herut, 2001; Ribera

d’Alcalà et al., 2003; Ediger et al., 2005; Krom et al., 2005).

This anomaly, though frequently explored, still represents an

open issue for the understanding of the functioning of the

Mediterranean Sea (see Krom et al., 2010; Mermex group,

2011). Because of the typical scales and morphology of the

Mediterranean basins, nutrient ratios and the elemental par-

titioning in organic matter should depend on, and therefore

reveal, the relevant internal processes of the sea, thus becom-

ing a powerful tool to reconstruct its internal dynamics.

Our investigation during the BOUM cruise (July 2008)

has allowed a description of the present inorganic and or-

ganic matter distribution and stoichiometry (C:N:P) along

a longitudinal transect extending from the Levantine Sea

(eastern basin) to the Gulf of Lion (north western Mediter-

ranean). The first objective of this paper is then to fully de-

tailed the matter stocks of the western and eastern Mediter-

ranean ecosystems in a summer situation. We then point out
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Fig. 1. (A) Map of the BOUM cruise transect (16 June–20 July

2008) in the Mediterranean Sea superimposed on a SeaWiFS com-

posite image of the sea surface chlorophyll-a concentration (cour-

tesy to E. Bosc). “Short duration” stations are regularly distributed

and numbered from 1 to 27. The 3 “long duration (4 days)” stations

A, B, and C in the western, Ionian and Levantine basins respectively

are located near the centre of an anticyclonic eddy. (B) Vertical sec-

tions of temperature (◦C) over the whole water column (bottom) and

a zoom for surface (0–300 m; top). On the top x-axis, the position

of the stations is indicated.

differences and similarities between the two basins in terms

of C:N:P elemental partitioning. The second objective is to

propose new hypothesis to reconcile the biological Mediter-

ranean functioning with the Redfield concept.

2 Materials and methods

2.1 Study area and sampling

During the “BOUM” cruise (Biogeochemistry from the Olig-

otrophic to the Ultra oligotrophic Mediterranean Sea) that

took place during the summer 2008 on the R/V L’Atalante, a

transect of 30 stations from the Levantine basin to the north

western Mediterranean Sea has been investigated from sur-

face to Sea floor (Fig. 1a). Full geographical information

is given in Moutin et al. (2011). The east-west cruise track

crossed the main areas of the Mediterranean Sea, the Lev-

antine basin, the Cretan passage region, the Ionian basin,

and the Sicilian strait before entering the western basin and

crossed the algéro-Provencal basin (Fig. 1a and b). In the

western basin, there was a south-north transect from a cen-

tral station (A) toward the mouth of the Rhone River in the

Gulf of Lion (Fig. 1a). Profiles of temperature, conductivity,

oxygen and fluorescence were performed with a SBE 911

PLUS Conductivity-Temperature Depth (CTD) system man-

ufactured by Sea-Bird Electronics Inc. Water samples were

collected from CTD casts at the 30 stations with a carousel

equipped with 24 Niskin Bottles of 12 L volume. Water was

sampled at 12–17 depths, from few meters above the sea floor

up to the surface (0–5 m), the number of samples depending

on the parameter and on the water depth.

2.2 Analysis of nutrient and particulate and dissolved

organic matter

2.2.1 Nutrients

Samples for nitrate (NO−

3 ), nitrite (NO−

2 ) and phosphate

(PO3−

4 ) were directly collected from the Niskin bottles in

20 ml acid washed polyethylene vials. They were immedi-

ately analysed on board according to classical methods using

the automated colorimetric technique (Tréguer and Le Corre,

1975; Wood et al., 1967) on a segmented flow Bran Luebbe

autoanalyser II. Precision of measurements was 0.02 µM,

0.005 µM and 0.005 µM for NO−

3 , NO−

2 , and PO3−

4 respec-

tively and detection limits for the procedures were 0.02 µM,

0.01 µM and 0.01 µM for NO−

3 , NO−

2 , and PO3−

4 , respec-

tively. Nutrient standardisation and data quality were assured

through successful and continuous participation in interna-

tional intercalibration exercises. During the cruise, measure-

ments were further verified with the use of OSIL (Ocean

Scientific International Ltd) marine nutrient standards (ISO

9001 accredited). Samples for ammonium (NH+

4 ) were col-

lected in ultra cleaned glass bottles with care to avoid con-

tamination. NH+

4 determinations were performed on board

by fluorimetry according to Holmes et al. (1999) on a fluo-

rimeter Jasco FP-2020. Precision of measurements was 2 nM

and detection limit for the procedure was 3 nM.

2.2.2 Total inorganic carbon

Samples for total inorganic carbon (CT) were collected from

the Niskin bottles in borosilicate glass bottles. They were

poisoned with a saturated HgCl2 solution then sealed and

stored. At the end of the cruise, they were shipped to the

laboratory for analysis. The measurements were performed

by potentiometry using a closed cell, according to the DOE

handbook of methods for Analysis of the Various Parame-

ters of the Carbon Dioxide System in Seawater (DOE, 1994).

Typical analytical precision was less than ±2 µmol kg−1.

The accuracy was verified using regular measurements of ref-

erence material (CRM) bought from A. Dickson’s laboratory

(Scripps, USA).
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2.2.3 Dissolved organic matter

Samples for dissolved organic matter (DOM) were collected

from the Niskin bottles in combusted glass bottles. Sam-

ples where then immediately filtered through 2 precombusted

(24 h, 450 ◦C) glass fiber filters (Whatman GF/F, 25 mm).

Samples for dissolved organic carbon (DOC), collected into

precombusted glass tubes and acidified with Orthophospho-

ric acid (H3PO4), were immediately analyzed on board by

high temperature catalytic oxidation (HTCO) (Sugimura and

Suzuki, 1988; Cauwet, 1994, 1999) on a Shimadzu TOCV

analyzer. Typical analytical precision is ±0.1–0.5 (SD) or

0.2–1% (CV). Standardisation and data quality were as-

sured through the successfull and continuous participation

in laboratory international intercalibrations exercices. Fur-

thermore, consensus reference materials (http://www.rsmas.

miami.edu/groups/biogeochem/CRM.html) was injected ev-

ery 12 to 17 samples to insure stable operating conditions.

Samples for dissolved organic nitrogen (DON) and phospho-

rus (DOP), collected in Teflon vials, were immediately ana-

lyzed by persulfate wet-oxidation according to Pujo-Pay and

Raimbault (1994) and Pujo-Pay et al. (1997).

2.2.4 Particulate organic matter

Particulate nitrogen (PN) and phosphorus (PP) were col-

lected onto precombusted (24 h, 450 ◦C) glass fiber filters

(Whatman GF/F, 25 mm), that were immediately oxidized

after filtration into Teflon vial and simultaneously analyzed

on board according to the wet oxidation procedure of Pujo-

Pay and Raimbault (1994). Particulate organic carbon (POC)

was collected on precombusted (24 h, 450 ◦C) glass fiber fil-

ters (Whatman GF/F, 25 mm). Filters were dried in an oven

at 50 ◦C and stored, in ashed glass vial and in a dessicator

until analyses when return from the cruise, on a CHN Perkin

Elmer 2400.

3 Results

3.1 Hydrological characteristics

The Mediterranean Sea is divided in two main basins, the

western (stations 18 to 27, and A) and eastern (stations 17

to 1, B and C) basins which are separated by the Sicilian

strait (Fig. 1a). The overall circulation and the physical and

hydrologic characteristics (e.g. T-S properties) of the differ-

ent water masses in the Mediterranean Sea has been previ-

ously well described (see for example Robinson, 2001; or

Millot and Taupier-Letage, 2005), likewise full details for the

BOUM cruise can be found in Moutin et al. (2011). Briefly,

in both basins, the water masses tend to follow the isobaths at

their own level in the counterclockwise sense, then describ-

ing quasi-permanent gyres a few 10 s km thick and a few

1000 s km long along the continental slope. As the south-

ern parts of both gyres are markedly unstable (Millot and

Taupier-Letage, 2005), this scheme is not so simple. In addi-

tion to these circulation features, the deep water masses must

be uplifted before outflowing from the various openings that

are only a few 100 s m deep (Fig. 1b).

During the BOUM cruise, the highest surface tempera-

tures ranged from 24 ◦C in the western basin (at station A) to

27.5 ◦C in the central eastern part (at station B). The deep wa-

ters temperature ranged from 12.9 to 13.0 ◦C in the western

basin and from 13.4 to 13.6 ◦C in the eastern basin, with the

exception of the extreme East of the Levantine part, where

deep temperature approached 13.8 ◦C (Fig. 1b). These rel-

atively warm deep waters (the same increase pattern is ob-

served for salinity, not shown) are attributed to the mem-

ory of the recent change in deep water formation of the

Eastern basin named the Eastern Mediterranean Transient,

EMT (Robinson et al., 2001). The various anticyclonic ed-

dies were easily identified by a local deepening of isotherms

(Fig. 1b). Chlorophyll concentration showed a well defined

Deep Chlorophyll Maximum (DCM), more pronounced in

the western basin (for details, see Crombet et al., 2011),

and deepening from west (∼40 to 80 m) to east (from 80 to

>100 m).

3.2 Evolution of biogeochemical parameters

3.2.1 Division of the water column

In order to describe and to analyze the BOUM transect, we

chose to differentiate three successive vertical layers in both

basins (Fig. 2a). The principle of a fixed depth is obviously

not appropriate in considering the vertical and latitudinal

variability and evolution of the parameters described here-

after. Our idea comes from the fact that particulate organic

matter (POM) synthesizes in the euphotic layer could sink to

be mineralized in depth with a consumption of oxygen. This

process occurs both in the western than in the eastern basin

and is partly independent of water masses. The oxygen con-

centration could be then considered as representative of the

balance between water mass mixing and biological mineral-

ization processes. We have considered the depth of the min-

imum in oxygen concentration to define the core of the min-

eralization layer. We have then fixed 2 limits (up and down)

of this layer by 2 different concentrations in dissolved oxy-

gen to separate a surface layer, and a deep layer. The 3 de-

fined layers could be composed by different water mass type

but the “composite” water masses should have weak density

variation along the east-west transect.

Using this distinction, the intermediate layer, named here-

after “Mineralization Layer (ML)” includes the minimum

oxygen concentration, generally associated with the high-

est nutrient concentrations in the case of the Oxygen Min-

imum Zones (OMZs; Paulmier and Ruiz-Pino, 2009). The

upper limit of this ML is fixed when oxygen concentration

reaches 195 µmol kg−1 (Fig. 2a). Then, the layer from the

surface to that depth corresponds to the “Biogenic Layer

Biogeosciences, 8, 883–899, 2011 www.biogeosciences.net/8/883/2011/
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Fig. 2. Surface (top) and total water column (bottom) vertical sections of (A) oxygen concentration and (B) Carbon inorganic total concen-

tration (CT) along the BOUM transect. The white full line in surface section illustrates the limit of 195 µmol kg−1 in oxygen between the

Biogenic Layer (BL) and the Mineralization Layer (ML). The blue dashed line follows the depth of the deep chlorophyll maximum (full

section is presented in Crombet et al., 2011). The yellow full line in the deep section illustrates the limit of 180 µmol kg−1 in oxygen between

the ML and the Deep Layer (DL). See text for further explanation. On the top x-axis, the position of the stations is indicated.

(BL)”. This BL includes the DCM, just below a relative

maximum in dissolved oxygen concentration (Fig. 2a). The

lower limit of the ML is fixed when oxygen concentration

reaches 180 µmol kg−1. The layer below that depth until

the sea floor corresponds hereafter to the “deep layer (DL)”.

The thickness of these 3 layers varies from station to sta-

tion, but the relevance of this delimitation is confirmed by

the distribution of the total inorganic carbon (CT) along

the transect (Fig. 2b). Indeed, ML encompasses the rel-

ative maximum in CT concentrations (>2330 µmol kg−1),

whereas BL are characterized by the lowest concentrations

(<2300 µmol kg−1) and DL by homogenous concentrations

(∼2320–2325 µmol kg−1).

3.2.2 Dissolved inorganic matter

In BL, concentrations of nitrate+nitrite (NO−

3 + NO−

2 ), NO−

2

and PO3−

4 are low and close or below the detection limit of

conventional micromolar technology (Fig. 3a). In this layer,

concentrations of CT are also minimal with 2315±47 µM in

the western basin and 2334±47 µM in the eastern basin (Ta-

ble 1). Concentrations of NH+

4 are also low (0–10 nM) with

a patchiness pattern and maxima in subsurface, similarly to

NO−

2 distribution with a peak (max values about 0.2 µM) at

the basis of the DCM (Figs. 2, 3b and Table 1). Below this

depleted nutrient layer, concentrations rise through the nutri-

clines and reach maximal values of about 9.8, 0.09, 0.055 and

0.44 µM in the western basin and of about 6.3, 0.22, 0.056

and 0.25 µM in the eastern basin for NO−

3 + NO−

2 , NO−

2 ,

NH+

4 and PO3−

4 , respectively. Below these maxima (located

in BL for NO−

2 and NH+

4 but in the ML for NO−

3 + NO−

2

and PO3−

4 ), nutrient concentrations slightly decrease to reach

∼9.4 and ∼0.42 µM in the western basin and ∼5.6 and

∼0.20 µM in the eastern basin for NO−

3 + NO−

2 and PO3−

4

respectively in DL (Fig. 3c and Table 1). Within the two

deep layers, the average concentrations of CT are close (i.e.,

2394±7 µM and 2387±4 µM in DL for western and eastern

basins, respectively), while both the minimum and maximum

concentrations are located in the western basin (Fig. 2b and

Table 1).

In the western part of the Sicilian strait, the shape of

the various isolines changes (station 18) and a nutrient

anomaly characterized by lower concentrations is encoun-

tered near 1000 m in the western basin, where concentrations

are ≤0.3 µM of PO3−

4 and ≤5.5 µM of NO−

3 + NO−

2 as com-

pared to average western values at the same depth (∼0.40–

0.45 µM of PO3−

4 and 9.0–9.5 µM of NO−

3 + NO−

2 ) (Fig. 3c).

A similar pattern is shown for concentrations in CT (Fig. 2b).

This characterizes the flow of subsurface eastern waters to

the western basin.

The thicknesses of the nutrient depleted layer changes

along the west-east transect from 10–20 m in the Gulf of

Lion to more than 100 m in the Levantine basin. Taking into

account the bias introduced by discrete sampling, the upper

limit of the nitracline is close to the basis of the thermocline

(see legend of Fig. 4 for definition). The top of the phospha-

cline is generally located deeper than the top of the nitracline,

above the basis of the thermocline in the western basin but

below it in the eastern one (Fig. 4). The discrepancy between

the two nutriclines increases eastward as the phosphacline

deepens more rapidly than the nitracline and the thermocline.

It is important to note that we have considered a threshold in

the gradient to define the top of the nutriclines. When the ni-

tracline and the phosphacline are separated with depth, low

www.biogeosciences.net/8/883/2011/ Biogeosciences, 8, 883–899, 2011
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Fig. 3. Surface (0–300 m) vertical sections of (A) phosphate (PO3−
4

), nitrate + nitrite (NO−
3

+ NO−
2

), and (B) ammonium (NH+
4

) and nitrite

(NO−
2

) along the BOUM transect. (C) as in (A) for the whole water column. On the top x-axis, the position of the stations is indicated.

concentrations of PO3−

4 could be measured in the gap (con-

centration <0.08 µM) but the vertical gradient is then insuf-

ficient to meet our criteria.

3.2.3 Dissolved (DOM) and particulate (POM) organic

matter, and elemental partitioning

In BL, dissolved organic phosphorus (DOP), carbon (DOC)

and nitrogen (DON) show different distribution patterns

(Fig. 5a). Indeed, DOC concentration roughly follows an

inverse distribution compared to nutrient, with maxima in

surface waters and an increase from west (69.4 µM) to east

(72.4 µM). For both DON and DOP, maximal concentrations

are also measured in the surface waters (Table 1), but highest

values are encountered in the central part of the transect (at

station B in the eastern basin). The two basins have similar

mean DON concentration in BL (∼ 4.7 ± 0.6 µM) whereas

the western basin is slightly richer in DOP (0.06±0.02 µM)

than the eastern one (0.04 ± 0.02 µM). Below BL, a steep

gradient is encountered for DOM (i.e. for DOC, DON and

DOP) and fairly homogeneous concentrations follow with

depth (Fig. 5b). The whole water column is not shown

for DOP, because according to the station, DOP concen-

tration is undetectable below 150 to 500 m in the western

basin and below 200 to 750 in the eastern basin. Con-

trary to nutrient, DOM distribution in DL does not reveal

significant gradient between the western and eastern basins

(Fig. 5b). Average DOC and DON concentrations in DL

are 39.9 ± 1.1 µM, 3.3 ± 0.4 µM for the western basin and

41.1±1.4 µM, 3.1±0.5 µM for the eastern basin (Table 1).

For both basins, CT represents more than 97% of the total

carbon pool in surface waters, whereas DOC and POC rep-

resent about 2.5 and 0.1%, respectively (Table 2). For the

N and P pools, differences are encountered between west-

ern and eastern basins: In the western BL, nitrogen pool is

composed of ∼25, 70 and 5% of dissolved inorganic nitro-

gen (DIN), DON and PN, respectively. Phosphorus pool is

composed by 40, 40 and 20% of PO3−

4 , DOP and PP, respec-

tively. In the eastern BL, nitrogen pool is composed by 10, 85

and 5% of DIN, DON and PN and phosphorus pool by 15,

60 and 25% of PO3−

4 , DOP and PP (Table 2). The surface

west-east oligotrophic gradient is clearly characterized by a

decrease in the proportion of mineral to organic forms for

N and P. Indeed, the organic form (dissolved + particulate)

represents about 76% in N and 63% in P in the western

basin to reach 92% in N and 74% in P in the eastern basin.

This gradient is also characterized by a general decrease in

POM (POC, PN, and PP) along the transect (Fig. 6). The
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Table 1. Mean physical characteristics and chemical content of the “Biogenic Layer (BL)”, “Mineralization Layer (ML)” and “Deep Layer

(DL)” for the western and eastern basins of the Mediterranean Sea during the BOUM cruise. The standard deviations (σ ), as well as minimal

and maximal values ([min–max]), are indicated for each variable. “Pot. Dens. Excess” is for potential density excess relative to 0 dbars.

Western basin Eastern basin

mean σ [min–max] mean σ [min–max]

BL

Depth m 56 43 [0–150] 85 56 [0–250]

Potential T ◦C 17.20 4.15 [13.12–25.12] 17.91 2.99 [15.03–26.77]

Salinity 38.05 0.29 [37.30–38.44] 38.61 0.53 [37.29–39.44]

Pot. Dens. excess kg m−3 27.74 1.19 [25.05–29.03] 28.03 0.93 [14.79–29.10]

O2 µM 227 18 [200–261] 224 13 [200–247]

CT µM 2315 47 [2228–2391] 2334 42 [2221–2395]

PO3−
4

µM 0.05 0.06 [0–0.17] 0.01 0.02 [0–0.11]

NO−
3

+ NO−
2

µM 1.56 2.19 [0–5.84] 0.56 0.88 [0–3.45]

NO−
2

µM 0.020 0.025 [0–0.088] 0.023 0.033 [0–0.215]

NH+
4

µM 0.007 0.012 [0–0.055] 0.008 0.008 [0–0.056]

DOC µM 58.7 7.4 [45.3–69.4] 61.5 5.9 [49.4–72.4]

DON µM 4.7 0.4 [4.1–5.5] 4.7 0.6 [3.5–6.3]

DOP µM 0.06 0.02 [0.02–0.09] 0.04 0.02 [0.01–0.10]

POC µM 4.31 1.73 [1.45–8.70] 3.08 0.90 [0.80–5.41]

PN µM 0.45 0.17 [0.14–0.87] 0.30 0.11 [0.08–0.66]

PP µM 0.022 0.009 [0.010–0.045] 0.014 0.005 [0.004–0.030]

ML

Depth m 420 352 [75–1250] 500 309 [150–1250]

Potential T ◦C 13.43 0.32 [12.91–14.06] 14.17 0.54 [13.54–15.16]

Salinity 38.50 0.12 [38.11–38.70] 38.83 0.08 [38.67–39.01]

Pot. Dens. excess kg m−3 29.02 0.12 [28.58–29.11] 29.11 0.09 [28.79–29.19]

O2 µM 181 8 [167–195] 186 9 [174–195]

CT µM 2395 10 [2361–2412] 2388 16 [2319–2405]

PO3−
4

µM 0.33 0.07 [0.15–0.44] 0.17 0.05 [0.04–0.25]

NO−
3

+ NO−
2

µM 8.03 1.42 [4.64–9.81] 5.16 1.00 [2.82–6.30]

NO−
2

µM 0.010 0.005 [0–0.024] 0.010 0.008 [0–0.032]

NH+
4

µM 0.001 0.002 [0–0.007] 0.002 0.004 [0–0.023]

DOC µM 42.9 3.8 [37.6–53.3] 44.0 4.3 [37.5–54.1]

DON µM 3.5 0.4 [2.5–4.1] 3.5 0.6 [2.1–5.4]

DOP µM 0.01 0.02 [0–0.06] 0.01 0.02 [0–0.07]

POC µM 1.35 0.28 [0.82–1.83] 1.27 0.28 [0.70–1.96]

PN µM 0.12 0.04 [0.03–0.22] 0.08 0.04 [0.01–0.21]

PP µM 0.009 0.005 [0.001–0.020] 0.006 0.003 [0.001–0.013]

DL

Depth m 1875 553 [1000–2900] 2000 528 [1000–3000]

Potential T ◦C 12.89 0.03 [12.86–12.98] 13.54 0.07 [13.40–13.64]

Salinity 38.48 0.01 [38.46–38.49] 38.76 0.02 [38.72–38.79]

Pot. Dens. excess kg m−3 29.11 0.00 [29.11–29.12] 29.19 0.01 [29.18–29.2]

O2 µM 190 4 [182–195] 188 3 [183–193]

CT µM 2394 7 [2377–2404] 2387 4 [2378–2395]

PO3−
4

µM 0.39 0.02 [0.37–0.42] 0.17 0.01 [0.14–0.20]

NO−
3

+ NO−
2

µM 9.05 0.22 [8.60–9.44] 5.14 0.19 [4.80–5.64]

NO−
2

µM 0.007 0.003 [0–0.013] 0.008 0.011 [0–0.047]

NH+
4

µM nd nd nd nd nd nd

DOC µM 39.9 1.1 [37.9–41.9] 41.1 1.4 [38.4–43.9]

DON µM 3.3 0.4 [2.9–4.3] 3.1 0.5 [2.1–4.0]

DOP µM 0.01 0.01 [0–0.03] 0.02 0.02 [0–0.07]

POC µM 1.21 0.37 [0.74–1.80] 1.12 0.33 [0.80–2.03]

PN µM 0.06 0.03 [0.01–0.13] 0.07 0.03 [0.01–0.13]

PP µM 0.004 0.003 [0.001–0.010] 0.005 0.002 [0.001–0.008]
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Fig. 4. Evolution of the depth of the thermocline basis, and the top

of the nitracline and phosphacline along the BOUM transect. The

vertical dashed line separates the western and the eastern basins. On

the x-axis, the position of the stations is indicated. The thermocline

basis for temperature and the top for the nutriclines are defined for

the depth where the difference in concentration or temperature be-

tween two successive depths exceeds a threshold of 0.05 and 0.02

for NO−
3

and PO3−
4

respectively, or fall under a threshold of 0.4

for temperature. The histogram shows the difference between the

depths of the nitracline and phosphacline along the transect.

highest concentrations are measured in the western basin

above 100 m (8.70 µM, 0.87 µM, and 0.045 µM for POC, PN,

and PP, respectively). The Gulf of Lion is the richest area

but high concentrations are also measured close to the Sicil-

ian strait and in the central part of the Ionian Sea. As com-

pared to the hydrological structure, the POM distribution is

not characterized by a west-east deepening of isolines. Be-

low 100 m, the importance of POM as a reservoir of C, N and

P declined with depth, concomitantly to the rise of the contri-

bution of the dissolved inorganic reservoir. In terms of C and

P in DL, the inorganic form represents 98% and the organic

forms account for only 2%. The N proportion is 70% in DIN

and 30% in DON in the western basin, and 60% in DIN and

40% in DON in the eastern basin due to a lesser content in

DIN (Table 2).

3.2.4 Evolution along the Mediterranean transect

Our set of parameters could be divided in three groups char-

acterized by different patterns along the East-West transect

(Fig. 7). On an aerial approach (i.e. in considering the inte-

grated quantity in the BL), temperature, salinity, density, dis-

solved oxygen, CT, DOC and DON show a relative increase

eastward (Fig. 7a), whereas NO−

3 + NO−

2 and PO3−

4 decrease

(Fig. 7b). The others parameters (NO−

2 , NH+

4 , DOP, POC,

PN, PP) show no clear gradient (Fig. 7c).

4 Discussion

This study documents a west-east transect across the

Mediterranean Sea, showing the succession from olig-

otrophic to ultra-oligotrophic regimes encountered during the

summer stratified condition. The examination of chemical

pools in marine environments rarely considers the three com-

ponents (dissolved inorganic, dissolved organic and particu-

late) simultaneously through the whole water column. As

a consequence, our knowledge on the partitioning of mat-

ter among these pools is relatively poor, particularly in the

Mediterranean Sea. This study contributes to bridge this gap

and to unravel the various inferences from the nutrients re-

cycling and their possible role as limiting factor for primary

production and mineralization.

4.1 Characterization of the Mediterranean pelagic

ecosystem during stratified condition and possible

evolution

During the summer, a strong thermocline was ubiquitous

throughout the Mediterranean Sea (D’Ortenzio and Ribera

d’Alcala, 2009). The DCM deepened with the increasing

trend in oligotrophy eastward. The presence of a promi-

nent nitrite maximum (PNM) at the basis of the DCM has

been ascribed by some authors to an incomplete assimila-

tory reduction of nitrate by phytoplankton (phytoplankton

excretion), with chemoautotrophic oxidation of ammonium

by nitrifying bacteria playing only a supporting role (Lomas

and Lipschultz, 2006). Biological and physical interactions

are also likely to be important in controlling PNM formation

and maintenance. The presence of low but measurable am-

monium in the photic zone suggests that grazing was a non

negligible process since ammonium is the first product of mi-

crobial grazing, which is then rapidly recycled through bac-

terial and phytoplankton production (Thingstad et al., 2005).

Since microorganisms have a capacity for rapid growth,

they are a major component of global nutrient cycles (Arrigo,

2005). At very low nutrient concentration, DOM could ac-

cumulate (i.e. production exceed consumption and export) in

the surface waters suggesting that recycling processes were

limited by nutrient availability (Pujo-Pay and Conan, 2003),

particularly in P in the Mediterranean Sea (Van Wambeke et

al., 2002; Lucea et al., 2003). In the case of P-limitation of

growth it is possible that DOC and DON could accumulate,

whereas only DOC accumulates during N-limitation (Conan

et al., 2007). Our present results show that there was an accu-

mulation of DOC, and to a lesser extent of DON in the BL as

the oligotrophic status increased, particularly in the eastern
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Fig. 5. Surface (0–300 m) vertical sections of (A) dissolved organic phosphorus (DOP), carbon (DOC), and nitrogen (DON) along the BOUM

transect. (B) as in (A) for the whole water column, except for DOP which is undetectable in deep water. On the top x-axis, the position of

the stations is indicated.

Table 2. Proportion (%) in C, N, P in the various compartments, in-

organic, dissolved organic and particulate for the upper mixed layer

(UML) and below 1000 m, in the western and eastern basins. ns

means weak contribution of POM in deep waters.

Western basin Eastern basin

Surface > 1000 m Surface > 1000 m

CT 97.3±0.2 98.4±0.1 97.3±0.2 98.3±0.1

DOC 2.5±0.2 1.6±0.1 2.6±0.1 1.7±0.1

POC 0.2±0.1 ns 0.1±0.1 ns

DIN 24±8 73±2 9±4 62±4

DON 69±7 27±2 86±5 38±4

PN 7±2 ns 6±1 ns

DIP 37±9 98±2 16±9 98±4

DOP 46±7 2±2 59±7 2±4

PP 17±4 ns 25±4 ns

basin. No such tendency was observed for DOP. Vertical

trends in DOC and DON have been interpreted elsewhere as

a result of nutrient limited phytoplankton production, contin-

uing to fix carbon after running out of N and/or P. Krom et

al. (2005) have reported that DOC and DON contents in the

surface of eastern Mediterranean waters was as high as for

other oceanic areas, despite the fact that primary productivity

levels were much lower. Our measurements extend these ob-

servations to include the study of phosphorus for the whole

of the Mediterranean, with concentrations ranging between

38–72, 3.0–6.5, and 0–0.1 µM for DOC, DON and DOP, re-

spectively. These values are in the range of average oceanic

values given in Hansell and Carlson (2002), i.e. 35–90, 1.5–

7.5, 0–0.4 µM for DOC, DON and DOP.

The downward fluxes of organic matter play a major role

in sustaining and stabilizing the degree of oligotrophy ob-

served (Crispi et al., 2001). In the present study, POC and

PON represented a minor percentage of total organic C and

N throughout the water column, and most of the organic mat-

ter (>80%) was present as DOC and DON as previously

observed for other oligotrophic waters (Béthoux and Copin-

Montégut, 1988; Vidal et al., 1999). There was a system-

atic decrease with depth in POM concentration reflecting the

progressive decomposition of labile organic matter by bacte-

rial consumption and respiration. In oligotrophic areas, parti-

cle flux is generally low, but strongly reacts to localized and

episodic mesoscale phenomena. This flux is not necessary

coupled with respect to surface ocean primary production

(Lutz et al., 2002). Nevertheless, the estimation of fast sink-

ing rates (Patara et al., 2009) is an evidence of the biological

pump efficiency to sequester organic matter from the surface

www.biogeosciences.net/8/883/2011/ Biogeosciences, 8, 883–899, 2011
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Fig. 6. Surface (0–300 m) vertical sections of particulate organic

carbon (POC), nitrogen (PN) and phosphorus (PP) along the BOUM

transect (deep sections not shown). On the top x-axis, the position

of the stations is indicated.

layer of the eastern Mediterranean basin, but also in the west-

ern basin. In addition to this POM flux, the non-negligible

downward DOM fluxes to the deep water (e.g. Vidal et al.,

1999; Pujo-Pay and Conan, 2003), render this fraction as an

important link between the BL, ML and DL layers, at least

for C and N.

In contrast to the relative homogeneity observed in the BL

of the two basins, the deep nutrient distributions showed a net

transition occurring at the Sicilian strait, between a “richer”

western basin and a “poorer” eastern one (Schroeder et al.,

2010). The shape of the various isolines in the Sicilian strait

illustrates the westward passage of the Eastern Overflow Wa-

ter (EOW), cascading down to the strait in western deep wa-

ters (Millot et al., 2006), with its chemical signature clearly

indicating nutrient depletion. Krom et al. (2010) recently dis-

cussed the build-up of high N:P ratios in eastern deep wa-

ters, prior to export via the Sicilian strait. These authors con-

cluded that this exported water has a lower N:P ratio than the

eastern Mediterranean deep water (EMDW) due to the pref-

erential P-regeneration compared to N-regeneration. These

exchanges (west-east in surface and east-west deeper) are

of great importance in the Mediterranean-Atlantic nutrient

flux exchanges because EOW comprises a fraction of wa-
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Fig. 7. Evolution of the integrated quantities within the BL, ex-

pressed at each station as the percentage along the W-E transect.

(A) Parameters showing an increase gradient from west to east.

(B) Parameters showing a decrease gradient from west to east.

(C) Parameters showing no clear gradient.

ters which flow into the Atlantic through the Gibraltar strait.

Moreover, Millot et al. (2006) demonstrated that outflows

through the various Mediterranean straits have been continu-

ally changing during the last two decades.

The functioning of the western basin could be impacted

not only by changes in surface nutrient sources (Conan et

al., 2011) but also by changes in deep nutrient concentra-

tion. In theory, the elemental ratios in the deep ocean can

only change on timescales comparable to residence times of

the major nutrients (∼104 yr for NO−

3 and PO3−

4 , Falkowski

and Davis, 2004) but the Mediterranean Sea is characterized
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by very short ventilation and residence times (∼70 yr) when

compared to the other oceans (500–1000 yr). Winter time

mixing throughout the water column could then rapidly im-

pact the BL, by alteration of the deep water characteristics

(see for example in the Ligurian Sea; Marty and Chiavérini,

2010). An illustration of such alteration was observed in the

1990s in the eastern basin after the Eastern Mediterranean

Transient (EMT) event (Klein et al., 2003; Roether et al.,

2007). Indeed, the intrusion of the dense Aegean waters in

the EMDW has initiated modifications in the hydrology, dy-

namics, chemical structure, and in some biological param-

eters of the entire basin (Robinson et al., 2001). Oxygen-

poor, nutrient-rich waters were brought closer to the surface,

enhancing the biological production in some regions after

winter mixing. From 1991, a distinct intermediate layer was

identified in the south Aegean, characterized by temperature,

salinity and oxygen minima, and nutrient maxima. Finally,

the variability in the intermediate waters can alter the pre-

conditioning of dense water formation in the Adriatic as is

possible in the western basin.

4.2 How to explain differences in the nitracline and

phosphacline depths?

The development of a defined nitracline and phosphacline are

frequently observed through the summer towards the basis

of the upper mixed layer with the phosphacline frequently

occurring below the nitracline. The depth of each of these

layers increase progressively until stratification is compro-

mised due to increased in wind-mixing and decreased solar

heating (Lefèvre et al., 1997). This temporal pattern of de-

velopment and relative position is also observed on a spa-

tial scale along our longitudinal transect (Fig. 4) and be-

comes increasingly more prominent towards the east. The

observed mesoscale variability (oscillation from station to

station) is due to hydrodynamic features such as internal

waves, upwelling, fronts and/or eddies (Prieur and Sournia,

1994; Pujo-Pay and Conan, 2003).

The resulted unusually high DIN:DIP ratios suggest in-

complete nitrate utilization by phytoplankton due to the lack

of phosphate at the bottom of the photic layer (discussed in

Diaz and Raimbault, 2000). It is generally accepted that in

such systems, biological consumption and subsequent export

and remineralisation of nutrients in the upper ocean deter-

mine their vertical distribution (Crispi et al., 2001; Anderson

et al., 2005). The consumption of nutrient to support plank-

tonic production exhausts the surface sea layer and leads to

oligotrophic conditions. This demand also generates the ver-

tical concentration gradient driving an upward flux of dis-

solved inorganic nutrients previously regenerated in deeper

waters (Arrigo, 2005; Schroeder et al., 2010). The posi-

tion of the thermocline is usually a major determinant of the

position and sharpness of nutrient gradients (Conan et al.,

1999). The increasing discrepancy between the two nutri-

clines encountered toward the east during our study is con-

sistent with the oligotrophic gradient and is a result of the

development of spring bloom conditions in an east to west

direction (D’Ortenzio and Ribera d’Alcala, 2009). In the

Levantine basin, the distance between phosphacline and ni-

tracline/thermocline is at its greatest (∼130 m). The litera-

ture has previously reported such differences in the eastern

basin: 300–400 m in the south-eastern Ionian Sea (Klein et

al., 2003) or 600 m in the Levantine Basin (Ediger and Yil-

maz, 1996).

Krom et al. (2005) considered that the discrepancy be-

tween the depths of the phosphacline and nitracline in the

Levantine basin could be due to the relative sensitivity of

methodological procedures employed. In their study, sen-

sitive (nanomolar) technology was used for both phosphate

and nitrate at only one station in the Cyprus eddy, whereas at

other stations, less sensitive procedures (micromolar) were

deployed for determination of nitrate, with the implication

that at times nitrate may have been present albeit at concen-

trations below the methodological limit of detection. It is

necessary to investigate more intensively this point during

further studies and on a larger spatial scale.

4.3 Is the Redfield ratio valuable at basin scale for the

Mediterranean Sea?

The stoichiometry reflects the interaction of multiple pro-

cesses, including the acquisition of the elements by plankton

and/or bacteria, mineralization of organic matter by bacte-

ria, as well as various processes of nutrient loss (burial in

the sediments, outgassing to the atmosphere. . . ) or trans-

formation (Zehr and Ward, 2002; Sarmiento and Gruber,

2006). It is well known that nutrient supply sets an upper

limit to the biological production, but planktonic organisms

exert a tight control on the elemental distribution (Arrigo,

2005), affecting the chemical composition of both DOM and

POM (Redfield et al., 1963). The “Redfieldian” values could

be achieved when cell growth is at optimum conditions and

nutrient-sufficient (Geider and La Roche, 2002). During nu-

trient limitation or starvation, an offset in the C:N:P ratios is

observed in both nutrient uptake and in newly formed DOM,

though large variability exists in and between species (Conan

et al., 2007). For example, some photoautotrophic organisms

can store C as lipid or carbohydrate under N and/or P limita-

tion (Karl et al., 2001), thereby increasing their C:N and C:P

ratios. The stoichiometry could also be directly impacted by

the increase of CT in seawater or indirectly by successive

changes in the quantity and quality of organic matter (Mer-

mex group, 2011). In green algae this increase can lead to

higher protein content and cellular N quotas whereas in di-

atoms, it increases the C:P and N:P ratios and decreases the

C:N ratios.

There are two different approaches to study the ele-

mental stoichiometry as already pointed out by Kress and

Herut (2001). We can consider the average ratios over depth

and/or distance of the concentration of two elements, or the
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Table 3. C:N:P stoichiometry expressed as the slope and the intercept (b value) of the element-element regression line and the average ratio

of measured concentrations in the western and eastern basins of the Mediterranean Sea and for pooled data during the BOUM cruise. To

avoid infinitive ratios, we excluded data with concentration below the detection limit. N + N is used for NO−
3

+ NO−
2

.

Western basin Eastern basin Pooled data

Slope b value ratio Slope b value ratio Slope b value ratio

N + N:PO3−
4

22.9 0.3 24.5 27.9 0.3 37.8 23.3 0.6 32.4

CT:PO3−
4

230 2315 27 036 232 2344 89 237 169 2344 65 432

CT:N + N 9.6 2315 4982 9.9 2335 4901 7.9 2337 4931

DON:DOP 20.9 3.5 162.7 15.2 3.8 160.8 17.3 3.7 161.4

DOC:DOP 284 41 1941 132 50 2055 189 47 2019

DOC:DON 8.9 12.4 12.1 8.1 18.8 13.0 8.4 16.6 12.7

PN:PP 20.7 0 19.8 18.8 0 18.8 19.6 0 19.2

POC:PP 163 0.4 256 116 1.0 235 137 0.8 243

POC:PN 8.1 0.6 13.3 5.4 1.1 14.0 7.3 0.7 13.8

equation (y = ax+b) of the linear relationship between these

two elements in a property-property plot. Note that Red-

field (1934) in his original approach used both possibilities.

It is worth mentioning that the interpretation for both ap-

proaches is different (Ribera d’Alcalà et al., 2003) but com-

plementary and can help for interpretation of the various pro-

cesses involved in the relationship. Both ratios coincide if the

regression line passes through the origin in the case of “ideal”

(non-fractioned) nutrient co-variation (Fanning, 1992). The

ratio of the net reaction rates involving N and P in each one is

then equal to its concentration ratio and organisms are in bal-

ance with their environment. However, we often observe lin-

ear N:P regressions with non-zero intercepts (positive or neg-

ative), which could become quite large in the surface water

layers. The term b in the linear regression equation indicates

an excess (positive intercept) or a lack (negative intercept) of

one element relative to the other.

We applied these two approaches to our summer data (Ta-

ble 3). In the mineral pool, the excess of carbon and the

increase from west to east compared to N and P is shown

by high ratios. Yet, the values of the slopes and inter-

cepts are close between western and eastern basins (∼8 for

CT:NO−

3 + NO−

2 and ∼169 for CT:PO3−

4 for pooled data).

The average NO−

3 + NO−

2 :PO3−

4 ratio increases from west

(24.5) to east (37.8), which can be compared to slope values

(from property-property plot) of 22.9 and 27.9 for western

and eastern basins, respectively (Table 3 and Fig. 8a and b).

The intercepts indicate a concentration of 0.3 µM of nitrate

when phosphate is exhausted for both basins (0.6 for pooled

data, Fig. 8c). Such high N:P and intercepts are not uncom-

mon and have been previously reported (Krom et al., 1991;

Kress and Herut, 2001; Crispi et al., 2001). These authors

also described a seasonality of the intercept values (between

−0.04 and 0.73 µmol kg−1 in Kress and Herut, 2001) with

highest values in winter, lowest values at the end of sum-

mer and intermediate values in spring and summer. It is also

obvious that the coefficients of the regressions (slope and in-

tercept) vary in the different layers (Fig. 8). Indeed, in ex-

cluding values in BL (i.e. where nutrient concentrations are

low), the average ratio is still high (27.7), the excess of ni-

trate increase (2.1 µM), but the slope of the regression falls

to a value of ∼17–18 surprisingly close to the Redfield ratio,

and similar for the two basins.

Kress and Herut (2001) evoked the possibility that the

significance of the linear N:P relationship could be due to

the large number of observations and spoke about non-linear

parts for low and high phosphate concentrations. They sepa-

rate their data and found a slope of 23.6 with a higher inter-

cept value in their transition layer. In fact, the water mass

distinction used in their study included some low nutrient

concentrations (Fig. 8e), and partly explains the difference

observed between ours and their results. The same remark

could be applied in the western basin for the data compiled

by Schroeder et al. (2010), who found a slope of ∼19 in

excluding the 0–100 m surface layer (Fig. 8d). Moreover,

our data were acquired during one summer cruise as op-

posed to the large data set used by Kress and Herut (2001) or

Schroeder et al. (2010). Consequently, the range of the mea-

sured concentrations in the ML is relatively compacted. Fi-

nally, the use of the minimum oxygen concentration to iden-

tify the core of the mineralization layer probably includes

different water masses but allows us to partly reconcile the

Mediterranean stoichiometry with the Redfield value, at least

in ML.

In applying the same concept (average ratio vs. linear

equation) to DOM and POM, we obtain a broad picture of

the stoichiometry inside the two basins or in the Mediter-

ranean Sea (Table 3). In the DOM, high and similar aver-

age C:N:P ratios were observed in the western and eastern

basins. However, the slopes of the regressions were similar

to those observed in the mineral compartment in the west-

ern basin, whereas they were lower and close to the Redfield
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Fig. 8. Plots, linear relationships and probabilities for the slope be-

tween NO−
3

+ NO−
2

and PO3−
4

in (A) the western basin, (B) the east-

ern basin, and (C) the whole Mediterranean Sea, during the BOUM

Cruise. Data are separated for the three layers defined in the text,

BL, ML and DL. The Redfield value (y = 16x) is indicated by the

dashed line. For (C), data for BL have been excluded (ML-DL) to

give rise to the second linear equation (y = 17.7x +2.1). The aver-

age ratio for data a given at the bottom of each graph. (D) Superpo-

sition of graph (A) and Fig. 2f redraw from Schroeder et al. (2010)

(data from the MEDOCC05 survey). (E) Superposition of graph

(B) and Fig. 5 redraw from Kress and Herut (2001) (data from the

POEM-Oc91 survey).

values in the eastern basin (Table 3). In POM, it is quite dif-

ferent as the relationships tended towards an ideal elemental

co-variation, with an intercept equal to 0, at least for PN:PP.

Then the average ratios and regression slopes were similar.

When considering the whole water column, the highest ra-

tios were encountered in the western basin, which indicates a

POM enriched in C compared to N and P, and in N compared

to P. In our study, the C:N:P ratios in the mineral, POM, and

DOM pools within the BL largely exceeded the Redfield ra-

tios, as a consequence of the severe deficiency in phosphorus

under summer conditions due to biological uptake (Krom et

al., 1991). In our data, the deviation from canonical Red-

field values was greatest in the DOM > DIM > POM and in-

creased from DL to BL.
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Fig. 9. Representation of the elemental C:N:P stoichiometry in

terms of stocks and fluxes for the western (left) and eastern (right)

basins of the Mediterranean Sea. The water column is divided in

BL, ML and DL as justified in Fig. 2. The blue rectangular boxes

with smooth corners symbolize the mineral compartment, the pink

rectangular boxes with sharp corners symbolize the POM, whereas

the yellow circles symbolize the DOM. In each box, the indicated

ratios correspond to the average concentration ratios over the layer

for C:P, and N:P. The values in brackets correspond to the average

C:N ratio. On arrows, indicated ratios correspond to the slope of

the linear regression equations between C:P, and N:P, respectively.

The values in brackets correspond to the slope of the C:N plot re-

gression. (nd) is for non significant linear relationship (α = 0.05).

4.4 A proposed view for the biogeochemical functioning

of the Mediterranean Sea during summer

To summarize our observations, we propose a synthesis of

the biogeochemical functioning of the Mediterranean Sea

during the 2008 summer period (Fig. 9). In this scheme, the

western and the eastern basins are separated and divided in

three vertical layers as BL, ML and DL. We assume that the

average ratio of two elements represents the stock, and the

slope of the linear regression is treated as a first order ap-

proximation to the reaction rate ratio, i.e. the net flux result-

ing from production/consumption processes. We then hy-

pothesize that in BL, the dominant fluxes are from mineral

to POM by biological consumption (i.e. the slope of mineral

plots), then from POM to DOM by excretion, lyses or graz-

ing (i.e. the slope of POM plots), and from DOM to nutrients

by mineralization processes (i.e. the slope of DOM plots). In

ML and DL layers, the fluxes are reversed from POM to nu-

trients because nutrient uptake is supposed to be weak and

because the main source of nutrients is the remineralization

of sinking biological material from the upper layers (Krom et

al., 2010; Schroeder et al., 2010). The link between the three

layers is symbolized by the POM downward flux, the upward

flux of nutrients and exchange of DOM. We then compare
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the functioning of the two basins and the transfer through the

water column by considering the Redfield ratios as a refer-

ence. BL is characterized by seasonal variability and here

represents the summer condition, whereas ML and DL are

considered to be less variable and representative of the mean

situation of the Mediterranean Sea.

The west-east oligotrophic gradient is again reflected by

an increase in the 3 compartments of all C:P and N:P ratios

in the BL, although similar ratios in the exchange fluxes are

observed (Fig. 9). The vertical distribution of POM was pro-

gressively enriched in C relative to N and P, particularly in

the ML of the eastern basin. Remineralization of the sinking

organic matter is thought to produce a build-up of C relative

to N and P, and N relative to P. Our measurements reinforce

this view for the western basin and in the ML for the east-

ern basin, but surprisingly, no increase in N relative to P with

depth is seen for the whole of the Mediterranean Sea. Krom

et al. (2005) obtained similar results in the eastern basin.

The relative P-depletion is highlighted when considering

the DOM pool. The labile and semi-labile DOM fraction

can be major sources of C, N, and P for planktonic food

webs via bacterial assimilation (Thingstad and Rassoulzade-

gan, 1995). The DON:DOP ratio increased by a factor 3

from BL to ML (84 to 250) and by a factor 2 from ML to

DL (250 to 400) in the western basin and by a factor 2 (120

to 250) from BL to ML in the eastern basin. In the east-

ern basin, BL showed a stronger P-deficit than in the west-

ern basin (DOC:DOP = 1050–1560 and DON:DOP = 84–120

for west-east for similar DOC:DON of 12–13) but reached

surprisingly similar stoichiometry in the ML of both basins.

Christaki et al. (2011) obtained similar results about this rel-

ative west-east homogeneity for biological ecosystem func-

tioning. The authors found a clear west-east gradient in terms

of heterotrophic biomass but not in terms of production.

The DOM accumulation usually provides evidence for

the refractory nature of DOM pool and P-depletion is a

general feature derived from a rapid recycling of the P-

rich molecules within DOM (Thingstad and Rassoulzadegan,

1995; Thingstad et al., 2008). In our case, organic phospho-

rus was consumed in BL and ML of both basins, but only in

the DL of western basin indicating that P was recycled faster

or more efficiently in the western basin (Fig. 9). It is gen-

erally assumed that the same assumption could be applied to

the C:N ratio, as N is thought to be recycled faster than C, yet,

our data clearly show a noticeable stability of the DOC:DON

ratio (12–13) over the whole Mediterranean Sea.

The fact that POM was progressively enriched in C and

DOM in C and N undoubtedly indicates that P is the limiting

factor of microbial growth in the Mediterranean Sea. Finally,

the function of the western basin can be defined using our

3 layers model whereas the eastern basin tends towards a 2

layers structure as ML and DL show very similar partition-

ing. We consider that the patterns observed during our study

are the result of an imbalance and disequilibrium of the al-

lochtonous nutrient loads introduced to the two basins, with

greater inputs into the western Mediterranean Sea (Ludwig et

al., 2010). Riverine and atmospheric inputs all have N:P ra-

tios that significantly exceed the Redfield ratio in both basins

(Conan et al., 2011), and atmospheric deposition is the major

external source of bioavailable N to the eastern basin (Krom

et al., 2010).

5 Conclusions

This study provides an extensive examination of C, N, P

distributions and stoichiometry along a longitudinal transect

across the open Mediterranean Sea during the summer pe-

riod. We have shown that in the Mediterranean Sea, the pro-

duction of organic matter in the BL (consumption of nutri-

ents) and its mineralization in the deeper layers (ML and DL

in the western basin, and ML in the eastern basin) are not

necessary far from the Redfield equilibrium in terms of N

and P. Indeed, the faster recycling of P compared to N and C

explains the seasonal evolution of the intercept in the PO3−

4

vs. NO−

3 plot (from about 2 in winter to a negative value at

the end of summer). Yet, further work is needed to explore

this process, because the rate variability is not sufficient to

explain the nonlinearity of the relation in the deepest sam-

ples described by Krom et al. (1991).

The western and eastern basins have similar biological

functioning. The oligotrophic gradient from West to East

could be then attributed to the difference in the allochtonous

nutrient sources in terms of quantity and quality (Ribera

d’Alcalà et al., 2003; Ludwig et al., 2010; Schroeder, 2010;

Krom et al., 2010), and to the specific hydrodynamic fea-

tures of the Mediterranean Sea (Robinson et al., 2001; Mil-

lot and Taupier-Letage, 2005). Crispi et al. (2001) showed

that the sole hydrodynamic regime (inverse estuarine circu-

lation) was not sufficient to explain the oligotrophic status.

They further suggested that in the long run, the trophic gra-

dient between the western and the eastern Mediterranean was

maintained by the biological pump.

As a consequence of the unique nature of the Mediter-

ranean Sea, climate change effects are predicted to play a

prominent role in modifying its nutrient status (Marty and

Chiavérini, 2010). Our results on the elemental matter parti-

tioning along the west-east Mediterranean gradient of trophic

status provide new insights for identifying and understand-

ing the fundamental interactions between marine biogeo-

chemistry and ecosystems, which will ultimately help to pre-

dict the impacts of environmental climate changes on the

Mediterranean marine ecosystems.
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