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[1] The dynamics of the total organic carbon (TOC) pool were studied during winter
1997–1998 in the Almeria-Oran jet-front (AOF) system. This system includes the
modified Atlantic Jet, which spreads into the Mediterranean Sea from the Gibraltar
Strait, its associated gyre, and the front between the Mediterranean and Atlantic waters.
We determined TOC concentrations, bacterial production (BP), and primary production
(PP) during field work, and labile dissolved organic carbon (l-DOC) and bacterial
growth efficiency (BGE), which were calculated from biodegradation experiments. Our
results showed that the geostrophic Atlantic Jet, which is the most dynamic area
(horizontal speed of 80 cm s�1 in the upper 100 m flowing eastward), was characterized
by low TOC stocks integrated in the first 100 m (6330–6990 mmol C m�2), a
proportion of l-DOC of 5 ± 0.5%, a BGE of 15 ± 2% and moderate residence times of
excess-TOC (42 ± 7 days). Higher TOC stocks were found in the surrounding areas,
including the Mediterranean (7298–7400 mmol C m�2) and gyre waters (6718–8315
mmol C m�2) whereas l-DOC averaged 6 ± 0.9% and 15 ± 2%, respectively. BGE
averaged 7 ± 1% in Mediterranean waters and 21 ± 3% in the gyre giving rise to
slightly different excess-TOC residence times (28 ± 1 days in Mediterranean waters and
109 ± 30 days in the gyre). We estimated that the transport of TOC and excess-TOC
within the Atlantic Jet averaged 8.04 ± 0.32 � 104 and 1.68 ± 0.32 � 104 mol C s�1,
respectively. INDEX TERMS: 4805 Oceanography: Biological and Chemical: Biogeochemical cycles

(1615); 4528 Oceanography: Physical: Fronts and jets; 4803 Oceanography: Biological and Chemical:

Bacteria; 4806 Oceanography: Biological and Chemical: Carbon cycling; 4815 Oceanography: Biological

and Chemical: Ecosystems, structure and dynamics; KEYWORDS: total organic carbon, bacteria, carbon

cycling, front and jet, Mediterranean Sea
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1. Introduction

[2] In oceanic waters, dissolved organic carbon (DOC),
which accounts for most of the total organic carbon (TOC)
stock is the result of the imbalance between the inputs and
outputs, of in situ biological production and consumption

processes [Anderson and Williams, 1999; Carlson, 2001;
Hansell, 2001, and references therein]. Previous studies in
the Mediterranean basin have shown that the main external
source of organic carbon was Atlantic water spreading
through the Gibraltar Strait [Copin-Montégut, 1993; Dafner
et al., 2001a, 2001b], this is followed by the contribution by
rivers [Ludwig et al., 1998; Sempéré et al., 2000], atmo-
spheric deposition [Lon̈e-Pillot et al., 1992] and finally the
Black Sea [Polat and Tugrul, 1996; Sempéré et al., 2002].
However, there are no reports which deal with the distribu-
tion and mineralization of DOC by bacteria in the Atlantic
waters spreading in the Alboran Sea (southwestern Medi-
terranean) where further mixing takes place along with
transportation eastward. Such a study could help estimate
the quantity of CO2 produced through bacterial respiration
and lead to a better understanding of the carbon cycle in the
Mediterranean Sea.
[3] The mixing of the strong jet of incoming Atlantic

water (�1.0 Sv; 1 Sv = 106 m3 s�1) with the more saline
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Mediterranean water results in the formation of a geo-
strophic front (hereinafter Almeria-Oran front, AOF).
Boundaries between different water masses are seen as
sharp changes in physical structure. This can be observed
during oceanographic cruises and from satellite-derived
parameters including sea surface temperature (SST) and
chlorophyll a [Baldacci et al., 2001]. The incoming flow
generates a quasi permanent anticyclonic gyre (Atlantic
anticyclonic gyre) adjacent to the Gibraltar Strait and
a less permanent gyre at the eastern part of the basin
[La Violette, 1990; Arnone et al., 1990; Vazquez-Cuervo et
al., 1996].
[4] The front, which is associated with the main current;

that is, the Atlantic Jet (primary circulation) has a vertical
circulation across the jet (secondary circulation [Prieur and
Sournia, 1994]). It is associated with high phytoplankton
standing stocks and production, which is in contrast to the
two adjacent oligotrophic-type systems [Lohrenz et al., 1988;
Tintoré et al., 1988; Prieur et al., 1993; Videau et al., 1994].
The high-velocity jets characteristic (up to 1 m s�1) makes
this area subject to intense mesoscale and subsurface vari-
ability [La Violette, 1990], which affects the specific com-
position of the autotrophic [Claustre et al., 1994] and
heterotrophic communities [Fernandez et al., 1994; Thibault
et al., 1994; Youssara and Gaudy, 2001], the planktonic
bioluminescence [Cussatlegras et al., 2001], the colored

dissolved organic [Claustre et al., 2000] and colloidal matter
[Grout et al., 2001].
[5] Results are presented from a winter section across the

AOF, from Almeria to Oran, which assesses for the first time
the spatial dynamics of total organic carbon (TOC) in this
area. The aim of the paper is to describe the distribution of
TOC and its cycling by bacterioplankton in the different
water masses, which are associated with the AOF, and
evaluate its contribution to the carbon cycle in the western
Mediterranean Sea carbon cycle. By using geostrophic trans-
port through the eastern part of the Alboran Sea, we propose
an estimate for the average TOC transport in the AOF.

2. Materials and Methods

2.1. Field Sampling

[6] This study was conducted during the first leg of the
Almofront program on board RV L’Atalante (Figure 1)
in the eastern part of the Alboran Sea over one cruise
(29 November to 21 December 1997). Leg 1 focused on
the hydrological and biogeochemical parameters and the
position of the jet-gyre system using vessel-mounted
acoustic Doppler current profilers (ADCP), intensive CTD
(conductivity-temperature-depth) casts, and TOW-YO
transects along a cross-frontal section (Figure 1) with
stations spaced at an average distance of 11 km in the

Figure 1. Map of the Alboran Sea in the southwestern Mediterranean Sea with locations of the
sampling stations studied between 17 November and 21 December 1997 investigated during Almofront II
program. Stations were sampled along a transect starting at station 252 (254 for TOC) near the Spanish
coast and ending at station 275 near the Algerian. The arrows schematically describe the Atlantic Jet and
the associated gyre.
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AOF area. Leg 2 ‘‘long stations’’ were studied over 36 hours
for biogeochemical processes at eight sites, which were
located on the AOF system at similar positions to the
stations studied during leg 1. Leg 2 results relate mainly
to bacterial controls and grazing and are presented by Van
Wambeke et al. [2003].
[7] Surface salinity and temperature were measured with a

thermosalinograph SBE 21 and current data was recorded
using two 300-kHz and 75-kHz vessel-mounted RDI ADCP.
The latter data was georeferenced and averaged over
2 and 5 min, respectively, corresponding to approximately
200 pings. Absolute velocities were determined from the
ships position given by the precise differential (70 cm) global
positioning system every 2 min. Geostrophic velocities and
transport were derived from CTD data using 500 dbars as the
point of no motion. Data from the 75-kHz ADCP confirmed
the flow was less than 1 cm s�1 at this depth.
[8] For TOC determination, discrete seawater samples

were collected at 17 stations crossing the AOF (Figure 1;
Table 1) using a Seabird SBE 9 CTD carrousel sampler
equipped with 24 12-L Niskin bottles. Discrete seawater
samples were also collected at three stations typical of the
Mediterranean, Front, and Atlantic waters during leg 1 for
bacterial production (BP), primary production (PP), and for
DOC biodegradation experiments.
[9] At the beginning of the cruise, Niskin bottles were

cleaned with 0.2% HCl and rinsed with distilled water.
Plastic O-rings were replaced by Viton material and the
original plastic ribbons replaced by steel springs in order to
minimize organic contamination. Vials and bottles were
rinsed three times with seawater before filling with samples.
For TOC determination, samples were drawn as soon as the
rosette sampler was on the deck of the ship (before any
other sampling) in duplicate in precombusted (450�C, at
least 6 hours) 10-mL glass vials. Samples were not filtered
thus by definition these are TOC and not DOC samples.
Under a laminar flow airbench, samples were poisoned

immediately with HgCl2 (10 mg L�1 final concentration),
and vials were closed with Teflon lined screw caps. Samples
were stored in the dark and analyzed within 6 months. It has
been shown recently [Sempéré et al., 2002] that storage of
seawater in pre-combusted glass vials closed with Teflon
lined screw caps can give rise to higher TOC concentrations
(5 ± 3 mM C) than seawater stored in flame-sealed
ampoules. For the determination of BP, 500-mL samples
were drawn into dark polycarbonate bottles. Seawater for
biodegradation experiments was collected in 10-L glass
bottles using Teflon tubing and was immediately processed
in a temperature controlled laboratory on board. For PP
determination, 700-mL samples were collected in dark glass
bottles and processed immediately aboard (see below) for
determination of P versus I curves.

2.2. HTCO Analysis

[10] The Shimadzu instrument used in this study is the
commercially available model TOC-5000 Total Carbon
Analyzer with a quartz combustion column filled with
1.2% Pt on silica pillows with an approximate diameter of
2 mm [Cauwet, 1994]. Several aspects of our modified unit
have been previously described [Dafner et al., 1999, 2001a,
2001b; Sempéré et al., 2002]. Briefly, the furnace temper-
ature was maintained at 680oC and the effluents passed
through a mercury trap consisting of gold wire in order to
remove mercury [Ogawa and Ogura, 1992]. A magnesium
perchlorate water trap was added to the system situated
before the halogen scrubber, the in-line membrane filter, and
the non-dispersive infrared CO2 detector. Prior to analysis,
subsamples were acidified with 10 ml of 85% H3PO4 to pH
�2 and sparged for 10 min with CO2-free pure air at a flow
rate of 40 mL min�1 to remove inorganic carbon as CO2.
TOC contamination from the preservation reagent and from
H3PO4 was below the detection limit. Injections of 100 ml
were repeated 2–4 times for each sample, the analytical
precision of the procedure being within 3%, on average.
Some variability arise in values taken from two different
vials and gives rise to a lower overall precision (8%).
[11] In order to lower the blank, the catalyst was washed

in 1% HCl, gently rinsed with Milli-Q water, and dried in a
furnace at 450�C for 10–15 min. Prior to the analyses of
standards and samples, the catalyst bed was ‘conditioned’
(over 2–4 days) by injecting 100 ml of sparged acidified
water from a high-quality water purifier, a Millipore Milli-Q
Plus1 system, until the lowest stable integrated area was
obtained. Following duplicate seawater sample injections
the column was flushed using three injections of 100 ml of
Milli-Q water. The catalyst was regenerated using the
‘‘regeneration TC catalyst’’ function of the instrument once
a week. On average, 25 samples were made daily and the
top 2 cm of the catalyst was replaced with fresh material
every 2 weeks.
[12] Standardization was carried out every day using

freshly prepared potassium hydrogen phthalate (Kanto
Chemical Company, Inc.) dissolved in Milli-Q water. The
instrument response factor, measured as the slope of the
standard addition to Milli-Q (r2 > 0.999 for 19 runs),
remained relatively constant and reproducible over the time
of analysis. Results indicated that calibration curves have
exhibited little difference in the slope (average slope: 6088 ±
230 area/mM C, n = 24) and intercept (average intercept:

Table 1. TOC Inventory (in mmol C m�2) and Excess-TOC to

TOC Ratios (%) in the Alboran Sea, Calculated From Seawater

Samples Collected Along a Transect (17 November to 21

December 1997)a

Leg 1 Station
Number

TOC,
mmol C m�2

Excess-TOC,
% Identification of Stations

254 7298 27 ± 3 Mediterranean water
259 7343 28 ± 3
260 7400 28 ± 2
261 7355 28 ± 2
262 6850 23 ± 3 Atlantic Jet
263 6668 21 ± 3
264 6330 16 ± 3
265 6990 24 ± 3
266 6853 23 ± 3
267 8315 36 ± 2 northern gyre
268 7718 31 ± 2
269 7315 28 ± 3
270 6740 21 ± 3 central gyre
272 6718 21 ± 3
273 7340 28 ± 3
274 7980 34 ± 2 southern gyre
275 7078 25 ± 3

aExcess-TOC was calculated as the integration (0–100 m) of the
difference between discrete TOC data at each depth and a mean TOC value
between 400 and 1000 m of 53 mM C. SE of excess-TOC was calculated by
considering the standard deviation obtained for refractory DOC.
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731 ± 291 area units, n = 24). The accuracy and the system
blank of our instrument were determined by the analysis of
the reference material (J. H. Sharp, University of Delaware,
USA) including Deep Atlantic Water (DAW) and low
carbon water (LCW) reference standards. The average
DOC concentrations in the DAW and in the LCW reference
standards were 45 ± 2 mM C, n = 24 and 10 ± 3 mM C,
n = 24, respectively. Carbon levels in the LCW ampoules
were similar and often higher than the Milli-Q water
produced in our laboratory. The TOC concentration of the
samples was calculated by averaging the replicate sample
injections, subtracting the average Milli-Q value as the total
blank and dividing by the slope of the calibration curve.

2.3. Bacterial Production (BP) Measurements

[13] BP was estimated using the 3H-leucine method
[Kirchman, 1993] at three representative stations where
biodegradation experiments were conducted. [4, 5-3H]-leu-
cine (specific activity 112 Ci mmole-1, Amersham) and
unlabeled leucine were added to 20 mL samples giving final
concentrations of 1.2 and 19 nM, respectively. Duplicate
samples and one formalin-killed blank were incubated in the
dark, at in situ temperature (±2�C) for 2 hours, during the
linear period of incorporation. After incubation, the samples
were fixed with formalin (1% final concentration) and
filtered onto a 0.2-mm filter (mixed cellulose ester, MFS
type, Advantec). The filter was rinsed three times with 5%
TCA and stored frozen. Back in the laboratory, the filters
were dissolved in 1 mL ethyl acetate and radioassayed in a
Packard 1600 scintillation counter. Leucine uptake was
converted to BP based on a conversion factor of 1.5 kg C
per mole of incorporated leucine. Further details relating to
bacterial production methodology are described by Van
Wambeke et al. [2000].

2.4. Biodegradation Experiments

[14] For the biodegradation experiments, seawater was
immediately filtered under a low vacuum (<50 mm Hg)
through 0.2-mm polycarbonate filters (Nuclepore, 47-mm
filter diameter) to obtain particle and bacteria free seawater
and through 0.8-mm filters (Nuclepore, 47-mm filter diame-
ter) to prepare the bacterioplankton inocula while excluding
the predators and photoautotrophs. The filters were pre-
rinsed with 2 L of Milli-Q water followed by 500 mL of
seawater before use to minimize DOC contamination as
suggested by Yoro et al. [1999]. The 0.2-mm filtrate (4 L)
was inoculated with 1 L of the 0.8-mm solution and then

dispensed in duplicate into several Pyrex precombusted
(450�C, 6 hours) bottles for the determination of BP and into
triplicate 100-ml Winkler bottles for oxygen determinations.
For each experiment, killed controls were made by the
addition of HgCl2 (final concentration: 10 mg L�1) and
analyzed at the end of the experiment. The oxygen bottles
were submerged until analysis to minimize gas exchange.
[15] For both experiments, the experimental bottles and

controls were incubated in the dark in a temperature
controlled room (±1�C) over course of the experiment.
Samples were analyzed for BP using a time series of 0,
0.5, 1, 2, 3, 4, and 10 days. Samples for the determination of
dissolved oxygen were fixed with Winkler reagents and
measurements were made using an automated Winkler
titration system based on that described by Williams and
Jenkinson [1982]. Dark bacterial respiration rates were
calculated assuming a linear regression model on the
decrease in dissolved oxygen concentration over the time
series. For BP, we used the same method as used for natural
samples: 20 mL of sample was incubated 2 hours with
20 nM leucine final concentration. Bacterial growth efficien-
cies (BGE), percentage of labile dissolved organic carbon
(l-DOC), and DOC consumption rates were calculated at the
BP peak (Table 2) and assumed an averaged respiratory
quotient (RQ) of 0.80 taken as an average from literature
[Redfield et al., 1963; Takahashi et al., 1985; Minster and
Boulahdid, 1987; Lehninger et al., 1994; Shaffer, 1996, and
references therein] in order to convert O2 respiration rates in
terms into CO2 production. Parameters related to bacterial
activity were calculated assuming a linear model for O2

decrease, and from trapezoidal time-integrated BP using the
discrete data of BP over time. BGE, which is the result of
BP and bacterial respiration (BR), and bacterial carbon
demand (BCD), can be described by the following:

BGE ¼ BP=ðBPþ BRÞ ð1Þ

BCD ¼ BPþ BR: ð2Þ

2.5. Primary Production Determination

[16] Primary production was calculated according to
Morel et al. [1996]. Photosynthetic parameters of the
P versus I curves were determined, after inoculation with
inorganic 14C and incubation at different light intensities
using a radial photosynthetron [Babin et al., 1994]. Because

Table 2. Summary of Parameters Obtained From Biodegradation Experimentsa

� t,
days

Integrated BP,
mM C for �t

O2 Consumption
Rate,

m mol O2 l
�1 d�1

DOC Removal
Rate,

m mol C l�1 d�1
BGE,
%

DOC Labile,
%

Mediterranean waters 4 0.32 ± 0.03 1.24 ± 0.23 1.07 ± 0.18 7 ± 1 6 ± 0.9
Atlantic Jet 3 0.54 ± 0.02 1.27 ± 0.14 1.20 ± 0.11 15 ± 2 5 ± 0.5
Gyre 10 2.33 ± 0.36 1.08 ± 0.13 1.10 ± 0.11 21 ± 3 15 ± 2

a�t corresponds to the incubation time where maximum bacterial production (BP) was obtained. BP is obtained from discrete BP
values cumulated over successive time intervals until the BP peak was reached. O2 consumption rate is estimated as the slope of a
linear regression of O2 decrease with time. Rates of DOC removal, BGE, and percentage of labile DOC (l-DOC) were estimated by
the following formulas: DOC removal rate = (O2 consumption rate � RQ) + (time-integrated BP/�t), assuming RQ = 0.80; BGE =
(time-integrated BP/�t)/(DOC removal rate) � 100; DOC labile (%) = (DOC removal rate � �t)/(initial DOC value) � 100. BGE
is bacterial growth efficiency. BP errors are time-integrated errors of individual data points whereas O2 consumption rates standard
errors were calculated from the slope coefficients of the linear regression of O2 decrease with time. Standard errors of the quotients
(Z) were determined as follows: SE of Z = 1/Y2 (Y2x2 + X2y2)1/2, where the quotient Z = X/Y, X and Y are means, and x is the standard
error of X and Y the standard error of Y.
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of the short incubation period (2 hours), we will assume
little DOC excretion by the primary producers. Estimation
of chlorophyll specific photosynthetical efficiency, aB (mg C
(mg chl a)�1 h�1 (mmol quanta m�2s�1)�1), and maximum
chlorophyll specific carbon fixation rate (PB

max (mg C (mg
chl a)�1 h�1)) was achieved by adjusting the raw data of
carbon fixation and illumination according to the relation
of Platt et al. [1980]. Calculation of the integrated amount
of carbon fixed was carried out over 1.5 times the euphotic
depth.

3. Results

3.1. Hydrology

[17] The hydrology during Almofront 2, winter 1997 was
similar to the situation described for Almofront 1 in Spring
1991 [Prieur et al., 1993], despite inverse winter tempera-
ture distribution typical of winter seasons; that is, Mediter-
ranean waters were warmer than Atlantic waters during
Almofront 1. The potential temperature (�)-salinity (S)
diagram (Figure 2) indicates the presence of surface Med-
iterranean water (SMW: S � 37.8; � � 16.80�C) located
near the Spanish coast. In the middle at the southern part of
the transect, � -S diagrams enabled us to identify modified
Atlantic water (MAW: S � 36.62) flowing from the
Gibraltar Strait. Below 500 m, water is a combination of
Levantine Intermediate Water (LIW: S � 38.47; � �
13.25 �C), Cold Winter northwestern Mediterranean Water
(CWW: S � 38.35; � � 13.15�C) and Deep Western
Mediterranean Water (WMDW: S � 38.41; � � 12.75�C)
[Parrilla and Kinder, 1987].
[18] The most striking feature of the area studied is a

strong temperature/salinity/density gradient within 50 km
from the cold and salty Mediterranean waters to the warmer,

less saline and less dense Atlantic waters (Figure 3). The
interaction between MAWand SMW produced an extremely
strong halocline, which induces a pycnocline and horizontal
frontal zone in the AOF whose orientation is normally
northwest to southeast [Tintoré et al., 1988]. The density
field is therefore mainly influenced by the strong pycnocline
around the isopycnal 27.5 kg m�3, whose depth changed
from 30 m in Mediterranean waters to �200 m inside the
modified Atlantic water eddy so forming a well defined
interface between Atlantic and Mediterranean waters [Prieur
et al., 1993]. The horizontal density gradient (1 kg m�3 over
30 km) induces a surface gradient of geopotential (8 dyn cm)
and the geostrophic jet, which flows with a velocity as high
as 0.80 m s�1 at its core (Figure 3a).
[19] Water masses identification, ADCP measurements,

and associated calculations indicated that Mediterranean
water with specific physical characteristics circulating west-
ward then eastward (0.45 Sv) were concentrated in the area
of stations 252–261 (Figure 3a). The core of the Atlantic Jet
water circulating (1.2 Sv) toward the eastern Mediterranean
Sea was located between stations 262 and 266. The core of
the jet, with a geostrophic velocity (within the upper 100 m)
as high as 80 cm s�1 was found around station 264
(Figure 3a). The dynamic conditions forces the northern
part of the gyre to flow eastward (stations 267–269) and
recirculate 2.1 Sv relatively warm fresh waters of modified
Atlantic water. The center of the anticyclonic Atlantic gyre
was identified in the area of stations 270–272. The end of
section 272–275 corresponds to the southern flow of the
gyre and flowed westward by 2.1 Sv.

3.2. TOC Distribution

[20] The vertical distribution of TOC during leg 1 along
the transect shows elevated concentrations in surface waters
(0–200 m) ranging from 54 to 107 mM and lower values
45 to 67 mM, below 200 m (Figure 3b). Significant
mesoscale variability was particularly evident across the
AOF. It is clear that many of the variations observed in the
TOC pool co-varied with changes in isohaline depth and
velocity of the current (Figures 3a and 3b). This feature was
particularly evident within the Atlantic Jet (section 262–
266) where low TOC concentrations were concomitant with
high current velocities (Figures 3a and 3b). Low TOC
concentrations were also observed in the central gyre
(section 270–272) whereas the higher TOC concentrations
occurred in Mediterranean waters, on the northern flow of
the gyre (section 267–269) and near the Algerian coast
(section 273–275).
[21] TOC concentrations decreased with depth all along

the transect. Excess-TOC between 0 and 100 m, which
represents the sum of semi-labile-TOC and labile-TOC was
calculated as the difference between discrete surface values
and refractory TOC (53 ± 4 mM) estimated from an average
of TOC discrete values between 400 and 1000 m (Table 1;
Figure 4). Basically, excess-TOC stock accounted for 21 ±
4% (four stations) in the Atlantic Jet, whereas these frac-
tions were 28 ± 2% (six stations) and 28 ± 5% (four
stations) in the gyre and Mediterranean waters, respectively.
It is important to note that lower ratios (21%) were found in
the central gyre (two stations). Clearly, there is a depletion
of excess-TOC stocks in the Atlantic Jet and the central gyre
whereas there is an accumulation of excess-TOC in the

Figure 2. Potential temperature-salinity (� -S) diagrams
drawn from CTD-rosette casts (every 5 m) between 0 and
1000 m. MAW: Modified Atlantic Water; SMW: Surface
Mediterranean Water; LIW: Levantine Intermediate Water;
CWW: Cold winter water. WMDW: Western Mediterranean
Deep Water.
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northern flow of the gyre and to a less extent in the frontal
zone between the Mediterranean water and the Atlantic Jet
(Figure 4).

3.3. Bacterial Growth on Labile DOC (l-DOC)

[22] The different sources of water support bacterial
growth to similar degrees. Oxygen decreased linearly during
the biodegradation experiments, with values ranging from
1.08 ± 0.13 to 1.27 ± 0.14 mmol O2 L�1 d�1 while BP
increased exponentially following a time lag, and reached a
maximum after 4, 3, and 10 days using typical Mediterranean
waters, Atlantic, and gyre samples, respectively (Table 2).
These results indicate that when BP peaked, the fractions of
DOC consumed were 6 ± 0.9%, 5 ± 0.5% and 15 ± 2% in
Mediterranean, Atlantic Jet, and gyre waters, respectively
(Table 2). The removal rates of DOC during the experiments

(Table 2) were similar (1.07 ± 0.18 – 1.20 ± 0.11 mmole
C L�1 d�1) for the three water types. On the other hand, the
experimental approach used in this study yielded BGE
ranging from 7 ± 1% (Mediterranean water) to 21 ± 3%
(gyre, Table 2). Note that according to the RQ selected from
the literature [Redfield et al., 1963; Takahashi et al., 1985;
Minster and Boulahdid, 1987; Lehninger et al., 1994;
Shaffer, 1996, and references therein], BR and DOC
removal rates might be affected by nearly 46%.

3.4. Primary and Bacterial Productions (PP and BP)

[23] BP values measured during leg1, showed little varia-
tions in the environments studied (Table 3). Average of PP
integrated over the euphotic layer was lower in Mediterra-
nean waters (section 252–258: 9.80 ± 5.9 mmol C m�2 d�1)
than in the modified Atlantic Jet, (section 262–266: 20.2 ±

Figure 3. Contour plots of (a) ADCP current geostrophic velocities (cm s�1) and (b) TOC
concentrations (mM) with density excess (sigma-theta (kg m�3)) calculated from all 5-m CTD- rosette
data. The density excess line 27.5 (kg m�3) separates the Mediterranean and Atlantic waters. Numbers
(252–275) are station identification numbers.

25 - 6 SEMPÉRÉ ET AL.: TOTAL ORGANIC CARBON CYCLING IN THE ALMERIA-ORAN FRONT



2.2 mmol C m�2 d�1), and gyre (section 270–271: 20.0 ±
1.6 mmol C m�2 d�1). Marked differences in BP and PP
were evident across the AOF; that is, integrated BP/PP ratios
over the euphotic layer were highest in the Mediterranean
waters (0.43 ± 0.26), followed by the Atlantic Jet (0.20 ±
0.02) and gyre (0.10 ± 0.01) waters. Leg 1 stations were
studied consecutively along the transect. However, between
leg 1 and leg 2 of the cruise, the meander-gyre system moved
eastward. Consequently leg 2 stations were relocated like in
the idealized jet-gyre structure as if they had been all studied
simultaneously; then it is rather difficult to accurately com-
pare leg 1 and leg 2 stations. Nevertheless, results taken from
a limited number of ‘‘long station’’ observations during leg 2
[Van Wambeke et al., 2003] indicated that BP/PP ratios
ranged from 0.22 to 0.43 in Mediterranean Seawaters,
whereas this ratio ranged from 0.12 to 0.13 in the jet core
and from 0.11 to 0.24 around the gyre. These results showed
higher BP/PP in the Mediterranean Sea compared to other
stations.

4. Discussion

4.1. TOC Concentrations Across the AOF

[24] Our results showed TOC values ranging from 55 mM
to 80 mM in surface waters decreasing to 45 mM at 1000 m.
These results agree with previous studies dealing with DOC

distribution in the Mediterranean Sea [Copin-Montégut and
Avril, 1993; Gasol et al., 1998; Doval et al., 1999; Cauwet
et al., 1997; Dafner et al., 2001b; Sempéré et al., 2002;
Avril, 2002; Bianchi et al., 2003]. Slightly lower concen-
trations have been reported for ‘‘old’’ deep DOC in LIW
(38–52 mM) at the Gibraltar Strait [Dafner et al., 2001a]. In
surface waters, the more striking feature of TOC distribution
is the large variability of TOC concentrations within a few
kilometers across the AOF; that is, there is TOC accumu-
lation in Mediterranean waters near the Atlantic Jet (frontal
zone) and in the northern flow of the gyre, where we found
high primary productions (28.2 and 46.3 mmol C m�2,
respectively) whereas there is TOC depletion in the Atlantic
Jet, which is an area of lower primary production
(20.2 mmol C m�2).
4.1.1. Labile-DOC (l-DOC)
[25] Our biodegradation experiments showed that 5 ±

0.5–15 ± 2% of the DOC in surface water is biologically
labile and could be exhausted by bacteria within a few days
(Table 2), thus being consistent with current knowledge of
l-DOC [Carlson, 2001]. BGE we found ranged from 7 ± 1 to
21 ± 3% and is consistent with that found for other marine
systems [del Giorgio et al., 1997;Rivkin and Legendre, 2001;
Carlson, 2001]. Low values were reported (4–19%) in the
Sargasso Sea [Hansell et al., 1995; Carlson and Ducklow,
1996] whereas higher BGE range (25–30%) were found
by Kähler et al. [1997] in the Southern Ocean. Although
DOC consumption rates were similar, the variations we
observed for BGE between different biodegradation experi-
ments suggested the quality of the utilizable l-DOC and
the physiological status of bacterial assemblage varied
according to its position across the AOF system.
4.1.2. Excess-TOC
[26] Excess-TOC was estimated as the difference between

discrete data and refractory TOC. This TOC consists of
semi-labile material turning-over on a seasonal timescale
and other less degradable fractions [Anderson and Williams,
1999; Carlson et al., 2000; Carlson, 2001]. These calcu-
lations indicate that there is little excess-TOC accumulated
in the Atlantic Jet (21 ± 3%) compared to surrounding
waters (up to 32%) (Table 1). Results obtained from the leg
2 study in the same area [Van Wambeke et al., 2003]
indicated that particulate organic carbon make up less than
10% of the TOC in the gyre and between 5 and 7% of TOC
in Mediterranean Seawaters and in the jet and then there is
little variation between the typical sites studied. Thus we
feel that the results presented will not be affected greatly by
suspended POC. Other studies have calculated that excess-
DOC accounts for 18–40% of the DOC [Carlson et al.,

Figure 4. Excess-TOC inventory stocks (mmol C m�2) in
the upper 0–100 m. The depth of the density excess line
27.5 kg m�3 (dashed line) indicates the depth of the limit
between Mediterranean and Atlantic water masses. Inte-
grated excess-TOC was calculated as the integration of the
difference between discrete of TOC data in the upper layer
and a 200- to 1000-m averaged TOC value (53 mM).

Table 3. Integrated Bacterial Production (BP: 0–100 m) and Excess-TOC Residence Timea

Stations
BP,

mmol C m�2 d�1

Value of
BGE Used,

%

Excess-TOC
Residence Time,

days

Excess-TOC
Residence Time0.24,

days

Mediterranean waters 5.1 7 28 ± 1 96 ± 2
Modified Atlantic Jet 5.2 15 42 ± 7 65 ± 13
Gyre 4.1 21 109 ± 30 124 ± 34

aAverage residence times for different water types are given by excess-TOC/BP/BGE and for comparison, with a mean
value of 24% [del Giorgio et al., 1997]. Excess-TOC and BP are integrated values over the layer 0–100 m. BGE were taken
from biodegradation experiments; the same BP and BGE were used for all the gyre. Excess-TOC residence times are
averages of the different stations studied along the transect (see Table 1) with a standard deviation calculated from the
variation of the TOC concentrations and the water transport.
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1994; Carlson and Ducklow, 1995; Wiebinga and de Baar,
1998; Kähler and Koeve, 2001; Sempéré et al., 2002], the
lowest values being reported for the Sargasso Sea (20%
[Carlson et al., 1994]), southern Aegean Sea [Sempéré et
al., 2002], and the Southern Ocean [Wiebinga and de Baar,
1998; Ogawa et al., 1999].

4.2. Utilization of TOC in the AOF System

[27] Because DOC is a by-product of primary production
and is essentially consumed by bacteria, our results indicate
large balance variability across the AOF between TOC
production by primary production derived processes and
its utilization by bacteria. Interestingly, the results indicate
that Mediterranean waters are characterized by a low l-DOC
pool (6 ± 0.9%), high excess-TOC (28 ± 0.4%), low PP, and
high BP/PP ratios. Taking into consideration PP, BP, and
BGE measured simultaneously during the cruise, the ratio of
BCD to PP was largely greater than 100% in Mediterranean
waters whereas this proportion was lower in the AOF
system. Applying the general value of 24% [del Giorgio
et al., 1997] infers that local, instantaneous PP is not
sufficient to supply BCD in the Mediterranean site probably
because of a delay between photosynthetic DOC production
and its consumption by heterotrophic bacteria. Low PP in
relation to BCD and bacterial respiration (BR) exceeding PP
have been reported already for western Mediterranean Sea
[Turley et al., 2000]. Excess-TOC levels in these waters
might be explained by the accumulation of recalcitrant
organic compounds due to rapid diagenetic processes gov-
erned by microorganisms [Ogawa et al., 2001] and/or to
phosphorus deficiency, which gives rise to lower bacterial
activity [Van Wambeke et al., 2003].
[28] Despite the high values found for integrated PP at the

edges of the Atlantic Jet and in the gyre waters, there are only
small amounts of l-DOC (5 ± 0.5%) and semi-labile TOC
(20 ± 3%) accumulating in the Atlantic Jet waters whereas
these fractions are more abundant within the gyre (15 ± 2%
and 28 ± 6%). Because the BP/PP ratios were higher in the
jet (0.20) than in the gyre (0.10), these results suggest
a more efficient coupling between primary and bacterial
productions in the jet than in the gyre although this feature
was not observed during leg 2 [Van Wambeke et al., 2003].
Intermediate values found for l-DOC and the BP/PP ratios
suggest that BP-PP coupling is not the only process govern-
ing l-DOC distribution in the Atlantic Jet.
[29] Note that secondary circulation may contribute to the

exchange of surface Atlantic Jet waters and intermediate
waters [Prieur and Sournia, 1994]. Indeed, it has been
indicated [Lohrenz et al., 1988; Videau et al., 1994] that
the advection of upwelled water, which is rich in nutrients,
into the photic zone (1–2 m d�1) enhances PP and probably
TOC production near the jet in the frontal zone. The
resulting TOC-rich waters may then be downwelled by
the convergent part of the ageostrophic circulation along
the isopycnals as shown for chlorophyll and other pigments
[Claustre et al., 1994; Videau et al., 1994]. These trends can
not be fully evidenced in the AOF because TOC is not a
conservative parameter. However, the large variability of
TOC concentration that we observed for the first time in such
frontal structure at mesocale level is very likely due to the
input of nutrients into surface waters and to the subsequent
increase of primary production as well as to the downwelling

of surface water on the edges of the front. Such processes are
very likely to occur in other frontal structures.
[30] In the jet and gyre, integrated BP comprises 20% and

10% of the PP, so that 131% and 48% of PP may be routed
through the DOC reservoir and support the BCD (Table 3)
indicating that bacteria are strongly dominating the food web
within the jet. By using the experimental BGE estimated
during this study, our results indicated that in the Atlantic Jet,
bacterial respiration (BR: 34.7 mmol C m�2 d�1) is higher
than PP (20.2 mmol C m�2 d�1) suggesting that during the
period studied, the jet could be regarded as an heterotrophic
system and a net source of CO2. On the other hand, in
the gyre, PP (20.0 mmol C m�2 d�1) is similar to BR
(19.5 mmol C m�2 d�1) suggesting that the biological
system reached an equilibrium during the cruise. However,
there are large uncertainties associated to such calculations
(particularly those associated with BGE calculations), and
these calculations can not be extended to longer timescales
in the AOF system.
[31] Assuming that equal BGE could be used for l-DOC

and semi-labile-TOC and by using BP values at the three
typical leg 1 stations, we can estimate that excess-TOC
would be exhausted in 28 ± 1 days in Mediterranean waters,
42 ± 7 days in the Atlantic Jet, and in 109 ± 30 days in the
gyre (Table 3). The use of a constant, theoretical BGE of
24% in all data [del Giorgio et al., 1997] gives only an
increase in excess-TOC residence times and then does not
change the general pattern of excess-TOC in the area
studied and indicates rapid cycling of the most labile part
of TOC in the Atlantic Jet compared to the gyre. Such
bacterial utilization of TOC within the geostrophic front is
likely to minimize large exportation of TOC from the
western toward the eastern Mediterranean Sea.
[32] Excess-TOC residence times based on water column

BP measurements range from less than one month for the
Polar Frontal Zone [Kähler et al., 1997] and the South
Aegean Sea [Sempéré et al., 2002] to more than 1 year for
the Arctic Ocean [Wheeler et al., 1996]. Studies based on a
seasonal water column DOC survey, indicate large varia-
tions ranging from less than two months in the Ross Sea
[Carlson et al., 2000] to more than 1 year in the northwest-
ern Mediterranean Sea [Copin-Montégut and Avril, 1993]
and the Sargasso Sea [Hansell et al., 1995]. Excess-TOC
residence time based on integrated DOC/TOC stocks and
instantaneous BP rates are probably underestimated in our
study because instantaneous BP do not reflect growth
supported by recalcitrant material, which is present in
excess-TOC [Carlson, 2001].

4.3. TOC Transport in the AOF System

[33] The Atlantic water jet core flow was calculated to be
1.2 Sv. Applying the TOC data from this study, this value
of water transport will yield a TOC transport by the
geostrophic jet of 8.04 ± 0.32 � 104 mol C s�1, which is
higher than the Atlantic Ocean input calculated at the
Gibraltar Strait one 160 km to the West, in spring 1998
(TOC: 4.80 � 104 mol C s�1 [Dafner et al., 2001a]) and in
autumn 1997 (TOC: 7.30 � 104 mol C s�1 [Dafner et al.,
2001b]). This difference is due to TOC concentrations and to
water transport variability since these authors measured an
Atlantic inflow of 0.80 Sv at the western entrance of the
Strait, whereas examination of other studies indicates large
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variability in the Atlantic inflow ranging from 0.68 to 2 Sv
[Lacombe and Richiez, 1982; Béthoux, 1980; Bryden and
Kinder, 1988; Tsimplis and Bryden, 2000]. During the
Almofront 1 cruise in the Alboran Sea (spring 1991), similar
eastward jet transport was reported with a weaker gyre
circulation (0.80 Sv). Surface TOC values reported here
are slightly higher than those found in the Atlantic inflow in
spring probably as a consequence of coastal upwelling and
the associated increasing productivity in the Alboran Sea
near the Spanish coast [Dafner et al., 2001b]. Finally, the
increase in productivity observed in the AOF contributes to
the organic content of the geostrophic jet.
[34] Over a year, the TOC input within the jet would be

around 2.54 ± 0.10 � 1012 mol C yr�1 (Figure 5). Taking
into account the variability of the water inflow ranging from
0.68 to 2 Sv [Lacombe and Richiez, 1982; Béthoux, 1980;
Bryden and Kinder, 1988; Tsimplis and Bryden, 2000], the
TOC transport of the Atlantic Jet would range from 1.44 ±
0.06 to 4. 23 ± 0.17 � 1012 mol C yr�1. The results indicate
that TOC transport within the jet core is one order of
magnitude higher than Mediterranean river discharge
[Ludwig et al., 1998; Sempéré et al., 2000], atmospheric
deposition [Loyë-Pillot et al., 1992; Copin-Montégut, 1993]
or Black Sea inputs (Polat and Tugrul, 1996; Sempéré et al.,
2002). The TOC transport within the gyre would average
13.07 ± 0.80 � 104 mol C s�1. This highlights that the gyre
is an area where a large quantity of organic carbon is
circulating anticyclonically being locally fuelled and con-
sumed by the autotrophic and heterotrophic organisms.

5. Summary and Conclusion

[35] This study highlights significant TOC variability in
surface waters driven by the different functioning of the
microbial food web within a few kilometers and indicates
that a mesoscale approach is necessary for use in biogeo-
chemical studies. This is particularly evident in highly
contrasting systems with frontal structures. We found that

TOC dynamics in the gyre will change the amplitude of the
seasonal CO2 exchange with the atmosphere locally in the
Alboran Sea. We can expect that exported TOC from
the surface layer within the Atlantic Jet will ultimately
be mineralized to CO2 in the eastern part of the South
Mediterranean Sea. Such coupling between horizontal water
mass transport and bacterial cycling of semi-labile TOC is
likely to be an important process in other ‘‘highly’’ dynamic
oceans such as the Antarctic Ocean where circumpolar
circulation probably exports large amount of semi-labile
TOC ready for the subsequent CO2 production via bacterial
respiration and thus needs to be taken into account in the
construction of global carbon cycle models.
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