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Abstract. We have determined the photosynthetic pro-
duction of dissolved (DOCp) and particulate organic car-
bon (POCp) along a longitudinal transect in the Mediter-
ranean Sea during the summer stratification period. The eu-
photic layer-integrated rates of DOCp and POCp ranged be-
tween approximately 50–130 and 95–210 mgC m−2 d−1, re-
spectively, and showed an east to west increasing trend. For
the whole transect, the relative contribution of DOCp to to-
tal, euphotic layer-integrated primary production (percentage
of extracellular release, PER) averaged∼37% and did not
show any clear longitudinal pattern. In spite of the relatively
high PER values, the measured DOCp rates were much lower
than the estimated bacterial carbon demand, suggesting a
small degree of coupling between phytoplankton exudation
and bacterial metabolism. Our results, when compared with
previous measurements obtained with the same methods in
several ecosystems of contrasting productivity, support the
view that the relative importance of DOCp increases under
strong nutrient limitation.

1 Introduction

The production of dissolved organic carbon (DOCp), or dis-
solved primary production, is the fraction of the recently
fixed carbon that is released to the extracellular medium in
dissolved form. It represents a substantial fraction of total
primary production (Baines and Pace, 1991; Nagata, 2000)
and may be an important source of organic material to sus-
tain heterotrophic bacterial growth (Cole et al., 1982; Fogg,
1983). The production of dissolved organic carbon by phy-
toplankton can be explained as a consequence of at least two,
non-mutually exclusive mechanisms that can operate concur-
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rently. Passive diffusion of low molecular weight compounds
through the cellular membrane results in DOCp being per-
sistent, whatever the growth conditions. However, a higher
relative contribution of DOCp to total primary production
could be expected when small cells dominate the commu-
nity, due to their higher surface to volume ratio (Bjørnsen,
1988; Kiørboe, 1993). DOCp can also result from an ac-
tive process that takes place when cells experience high light
and nutrient stress. Under these conditions, phytoplankton
tend to maintain their full photosynthetic capacity and, as
a result, prevent photochemical damage and maximize their
growth rate by eliminating any lag period for resuming car-
bon fixation when nutrients became available (Fogg, 1983;
Wood and Van Valen, 1990). This latter mechanism could
be particularly relevant in surface waters of oligotrophic re-
gions. In these environments, the percentage of extracellu-
lar release (PER = 100×DOCp/(DOCp + POCp)) represents
between∼20 and∼40% of total primary production (Fogg,
1983; Karl et al., 1998; Teira et al., 2001).

The Mediterranean Sea (MS) is a semi-enclosed basin
which receives a continuous flow (1∼Sv) from the Atlantic
Ocean through the Gibraltar Strait (Béthoux and Gentili,
1999; Millot, 1999). The flow of nutrient-depleted, surface
Atlantic water that enters the MS is counterbalanced by an
outflow of relatively nutrient-enriched (B́ethoux and Copin-
Montégut, 1986; Coste et al., 1988) intermediate and deep
water (Millot and Taupier-Letage, 2005). This anti-estuarine
circulation prevents an accumulation of regenerated nutri-
ents in deeper layers, and, despite important atmospheric
and terrestrial inputs, results in very low total nutrient con-
centrations, thus explaining the oligotrophic character of the
basin (Azov, 1991; Krom et al., 1991, 2010).

The MS is characterized by a well-known west to east
decrease in nutrient concentration, phytoplankton biomass
and primary production (Moutin and Raimbault, 2002; Ig-
natiades et al., 2009). This W–E increase in oligotrophy is
evident in ocean colour-based distributions of chlorophyll a
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concentration (i.e. CSCZ, SeaWIFS) (Antoine et al., 1995;
D’Ortenzio and Ribera d’Alcalá, 2009). Mean annual
chlorophyll a concentrations, measured with SeaWIFS over a
period of four years, ranged from 0.15 to 0.5 mg m−3 in most
of the Western Basin (WB), with the exception of the Albo-
ran region and the Tirrenian Sea, which in general shows the
higher concentrations within the basin. The chlorophyll a
concentrations detected within the Eastern Basin (EB) range
between 0.04–0.08 mg m−3, the southern area being the most
oligotrophic (Bosc et al., 2004). Primary production es-
timates range between>100–250 gC m−2 y−1 in the WB
and < 65 to <250 gC m−2 y−1 in the EB (Antoine et al.,
1995; Bricaud et al., 2002). Lower values (163 gC m−2 y−1

and 121 gC m−2 y−1, respectively) were recently reported by
Bosc et al. (2004).

Both satellite and in situ data collected across the MS
shows that the seasonal cycle of algal biomass and partic-
ulate primary production generally describes a maximum
during late winter or spring, due to the intense mixing and
homogenization of the water column, and a minimum dur-
ing the summer stratification period (Moutin and Raimbault,
2002; Bosc et al., 2004). High rates of POCp (>400 to
∼1000 mg C m−2 d−1) are reported during the winter period
in some regions of the WB (i.e. Gulf of Lion, Alborán Sea,
Catalan Balearic region) (Morán and Estrada, 2001; Morán
et al., 2001; Gaudy et al., 2003). During the stratification pe-
riod, reported values range from 350–450 mgC m−2 d−1 for
the WB to 150–∼400 mgC m−2 d−1 in the EB (Moutin and
Raimbault, 2002).

While the spatial and temporal distribution of particulate
primary production has been studied extensively in the MS,
very few measurements of DOCp have been conducted. All
the available information comes from the Western Basin,
and the reported average PER values varies from 5–40%
(Ferńandez et al., 1994; Morán and Estrada, 2001; Morán et
al., 2002; Gonźalez et al., 2008). Therefore, little is known
about the large-scale variability of DOCp along the Mediter-
ranean Sea, its contribution to total primary production, and
the extent to which dissolved primary production is coupled
with bacterial production.

Here we report on measurements of POCp and DOCp
conducted during the BOUM cruise (June–July 2008) in
three different regions in the Mediterranean Sea: the Lev-
antine Region, the Ionian Sea and the Algero Provençal Re-
gion. Our main objectives were: (i) to quantify the contri-
bution of DOCp to the total primary production and its spa-
tial variability along a longitudinal gradient, (Fuentes-Yaco
et al.) to determine if PER changes depending on the pro-
ductivity of the region and (iii) to assess the extent to which
DOCp can sustain the demands of organic carbon to fuel
bacterial production.

2 Methods

2.1 Sampling

Sampling was conducted during the BOUM (Biogeochem-
istry from the Oligotrophic to the Ultraoligotrophic Mediter-
ranean Sea) cruise on board R/VL’ Atalantealong an east to
west transect from 16 June to 20 of July 2008. During the
BOUM cruise, hydrological, biological and chemical vari-
ables were studied at 30 stations. Intensive, 4-day sampling
was conducted in the Algero-Provençal basin (stations A),
the Ionian Sea (stations B) and the Levantine basin (stations
C). Sampling took place at the center of anticyclonic gyres,
where horizontal advection was expected to be minimum.
For a full description of the sampling strategy and the ac-
quisition of complementary physical and chemical variables
see Moutin et al. (2010).

2.2 Inorganic nutrients and chlorophyll-a
concentration

Concentration of NO3, NO2 and PO4 were measured on
board using colorimetric techniques (Wood et al., 1967;
Tréguer and Le Corre, 1975), while NH4 concentration
was determined fluorometrically (Holmes et al., 1999), fol-
lowing the procedures detailed in Pujo-Pay et al. (2010).
Chlorophyll-a concentration was measured on board fluoro-
metrically, according to Yentsch and Menzel (1963).

2.3 Particulate and dissolved primary production

For primary production experiments, water samples were
taken at six fixed depths in the upper 200 m of the water col-
umn using a multi-sampler/carousel rosette system equipped
with 12 L Niskin bottles. Sampling was conducted between
02:00 and 07:00 a.m. local time. Vertical profiles of pri-
mary production were obtained at 12 stations (Fig. 1), cov-
ering the Levantine Basin, the Ionian Sea and the Algero-
Provençal Basin. We carried out 6 in situ and 6 simulated
in situ (SIS) incubations to determine the rates of dissolved
(DOCp) and particulate (POCp) organic carbon production
by phytoplankton. SIS incubations were done in an on-deck
incubator equipped with a set of blue and neutral density fil-
ters that reproduced six different light levels from 100% to
1%, to ensure we incubated samples approximately under the
irradiance level that was recorded at the sampling depth. All
incubators were cooled by recirculating surface water.

Immediately after collection of seawater samples from
each sampling depth, three light and two dark acid-washed,
polystyrene cell culture bottles (70 mL) were filled with the
sample, spiked with 10–20 µCi of NaH14CO3, and incubated
for 24 h. At the end of the incubation period, two 5-mL
aliquots from each incubation bottle were filtered through
0.2-µm polycarbonate (PC) filters (25 mm in diameter) using
low vacuum pressure (<50 mm Hg). After being acidified to
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D. C. López-Sandoval et al.: Dissolved and particulate primary production 817

23 

 

626 

627 

628 

629 

630 

 

 
Longitude 

La
tit

ud
e 

   0o     9oE   18oE   27oE   36oE 
  30oN 

  33oN 

  36oN 

  39oN 

  42oN 

  45oN 

A group

13

B group
1

9

C group

Figure 1. Map of the sampled stations. POCp and DOCp measurements were conducted in a total of 12 

stations along the BOUM transect. Three stations were occuppied inside the anticyclonic eddies sampled in 

each region (A, B, C), two in the Ionian Sea, and one in the Levantine basin. 

Fig. 1. Map of the sampled stations. POCp and DOCp measurements were conducted in a total of 12 stations along the BOUM transect.
Three stations were occuppied inside the anticyclonic eddies sampled in each region (A, B, C), two in the Ionian Sea, and one in the
Levantine basin.

a pH of ∼2 with 100 µL of 50% HCl, filtrates were main-
tained overnight in open scintillation vials (20 mL) placed
on an orbital shaker. After inorganic14C removal, 15 mL of
a high-sample capacity scintillation cocktail were added to
each filtrate. The inorganic14C present in the filters was re-
moved by exposing them to concentrated HCl fumes for 12 h.
The filters were then placed in scintillation vials (4 mL) to
which 3.4 mL of Packard Ultima Gold XR scintillation cock-
tail were added. The radioactivity on each sample was deter-
mined on a Tri-Carb 3100TR scintillation counter. To calcu-
late the rates of DOC and POC production, the black bottle
DPM’s (disintegrations per minute) were subtracted from the
light bottle DPM’s. We used a value of 25700 mgC m−3 for
the concentration of dissolved inorganic carbon and a value
of 1.05 for the isotopic discrimination factor. We are aware
that a substantial heterotrophic consumption of DOC (on av-
erage, 30–50%) (Fernández et al., 1994; Morán and Estrada,
2002) might take place during the incubation period. For this
reason, the results we report must be regarded as net DOC
production rates.

2.4 Bacterial carbon demand

Bacterial carbon demand (BCD) was calculated by adding
the measured bacterial production rates (BP) (Van Wambeke
et al., 2010) and estimates of bacterial respiration (BR). In
order to compute BR, the amount of new bacterial biomass
produced per unit of organic C substrate assimilated [bacte-
rial growth efficiency, BGE = BP/(BP + BR)], was estimated
with two different models. The first model used is based on
bacterial production (del Giorgio and Cole, 1998):

BGE= (0.037+0.65BP)/(1.8+BP) (1)

The second model is based on chlorophyll-a (Chl-a) con-
centration as a proxy for resource availability (López-
Urrutia and Moŕan, 2007):

BGE= 1−[1/ (0.727×[Chl−a/(Chl−a+4.08)]+1.02)] (2)

3 Results

3.1 General oceanographic setting

During the BOUM cruise, the west to east increase in olig-
otrophy that characterizes the Mediterranean Sea was ob-
served. Sea surface temperature ranged between<24◦C in
the western basin to>26◦C in the eastern side (Moutin et
al., 2010). Nutrient concentrations were close to the detec-
tion limit in the upper layers (above the top of the termo-
cline), being higher on the western side of the basin (Pujo-
Pay et al., 2010), where higher pigment concentrations and
primary production rates were also observed. A deep chloro-
phyll maximum (DCM) was observed throughout the study
(Crombet et al., 2010). The DCM was located near the base
of the euphotic zone (1% photosynthetically active radiation,
PAR), and its value ranged from>0.5 mg Chl-a m−3 in the
most western stations to< 0.5 mg Chl-a m−3 in the Levan-
tine region. Overall, the west to east gradient was also ob-
served in terms of bacterial production, heterotrophic bac-
terial biomass, and abundance of viruses and heterotrophic
nanoflagellates (Christaki et al., 2010).

Inside the antyciclonic gyres, the depth of the euphotic
zone was on average 83m in the western stations (A group),
103 m in the stations sampled in the Ionian Sea (B group),
and 102 m for the stations sampled in the Levantine re-
gion (C group) (Moutin et al., 2010). For the whole cruise,
the relative contribution of picophytoplankton (0.2–2 µm in
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Figure 2 Euphotic layer-integrated rates of particulate (POCp) and dissolved (DOCp) organic 
carbon production (mgC m-2 d-1) and the percentage of extracellular release (PER) along a 
longitudinal gradient in the Mediterranean Sea. 

Fig. 2. Euphotic layer-integrated rates of particulate (POCp) and
dissolved (DOCp) organic carbon production (mgC m−2 d−1) and
the percentage of extracellular release (PER) along a longitudinal
gradient in the Mediterranean Sea.

diameter) and>2 µm phytoplankton to total phytoplank-
ton biomass, as estimated from Chl-a, was 56% and 44%,
respectively. These differences were statistically signifi-
cant (Mann-WhitneyU -test, n = 8, P = 0.04). The dif-
ferences between the three regions in the biomass con-
tribution from each size class were not statistically sig-
nificant (Kruskal-WallisH -test, n = 8, P = 0.1, P = 0.1,
respectively).

3.2 Primary production along the longitudinal gradient

The longitudinal gradient along the MS showed a slight
increase in production rates, from east to west, in both
dissolved (DOCp) and particulate (POCp) primary pro-
duction, and a decrease in the percentage of extracel-
lular release (PER) (Fig. 2). Mean POCp rates varied
from 189 (SD, 72) mgC m−2 d−1 in region A to 95 (SD,
16) mgC m−2 d−1 in region C, while DOCp changed from
85 (SD, 43) mgC m−2 d−1 to 57 (SD, 1) mgC m−2 d−1, re-
spectively (Table 1). Total production (POCp + DOCp)
measured in the Eastern Basin inside the anticyclonic
gyres (region B, C), was∼150 mgC m−2 d−1 while a rate
of 274 mgC m−2 d−1 was measured the Algero Provençal
area (region A). In the Eastern Basin, outside the antyciclonic
gyres, total production rates were>300 mgC m−2 d−1in the
Ionian Sea (stations 1 and 13) and 212 mgC m−2 d−1 in the
Levantine Basin (station 9) (Table 1). When we compared
vertical integrated production rates (mgC m−2 d−1) inside
the anticyclonic gyres (regions A, B, C), POCp and DOCp
rates were not significantly different between them (Kruskal-
Wallis H-test,n = 9, P = 0.07,P = 0.09, respectively).

Primary production rates (DOCp and POCp) inside the an-
ticyclonic gyres were characterized by a general decrease
in production rates with depth, especially in two of the
three profiles measured in region A (Fig. 3). Surface
POCp rates ranged between 2.5 mgC m−3 d−1 in the WB
and<1.5 mgC m−3 d−1 in the EB, while DOCp rates ranged
between 1.2 mgC m−3 d−1 and<0.5 mgC m−3 d−1, respec-
tively. In general, DOCp and POCp tended to covariate
within the water column. No clear pattern was observed
in the vertical variability of PER profiles (Fig. 3), and the
mean PER in the water column varied from 30% in the group
A stations to 37% for group C; nevertheless, no statistical
difference was found between the groups (Kruskal-Wallis
H-test, n = 9, P = 0.09) (Table 1), indicating that, over-
all, the contribution of DOCp to total primary production
was relatively constant throughout the studied area. When
possible, our volumetric POCp data were compared with
POCp data measured at the same stations with the standard
JGOFS protocol (Lagaria, pers. comm.). A highly signifi-
cant correlation between the two types of measurements was
found (r2

= 0.59,P < 0.001,n = 34, data not shown). On a
small number of samples, POCp estimates obtained with the
JGOFS protocol were higher than those obtained with our
method, which measures both POCp and DOCp. However,
PER values in these samples were not any higher than those
measured in the other samples, which suggests that the oc-
casional discrepancy between the two techniques was not a
result of an overestimate of DOCp by our method.

3.3 Relationship between particulate and dissolved
primary production

The consistency in the relative contribution of dissolved
primary production in our study was confirmed when the
log-log relationship between the integrated and volumetric
rates of DOCp and POCp were compared across all sta-
tions. A highly significant correlation was found between
the logarithms of POCp and DOCp rates, both with vol-
umetric (r2 = 0.84, P < 0.001, n = 69, Fig. 4a) and inte-
grated data (r2

= 0.74, P < 0.001, n = 12, Fig. 4b). The
slope of the regression line (Model II), in both cases, was
not significantly different from 1 (Clarke test,P = 0.42 and
P = 0.97, respectively), indicating that the relative contribu-
tion of DOCp to total production (POCp + DOCp) did not
change across the range of measured POCp. On average,
the relative contribution of DOCp to total, euphotic layer-
integrated primary production in our study was 37% (SD, 4).

In an attempt to relate the percentage of extracellular re-
lease to the changes in the size structure or changes in
the taxonomic composition of the phytoplankton assem-
blages sampled, all volumetric values of PER were plot-
ted against the percentage of Chl-a measured in the 0.2–
2.0 µm and>2.0 µm size classes (data not shown) and against
the mean biomass contribution of different phytoplankton
groups on each station. We did not find any relationship
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Table 1. Mean values of surface temperature (◦C), chlorophyll a concentration (Chl-a) at the deep chlorophyll maximum (DCM), vertically
integrated particulate (POCp) and dissolved primary production (DOCp), the percentage of extracellular release (PER), and total integrated
primary production rates (PP).

Station Temperature DCM Chl-a POCp DOCp PER Total PP
(mg m−3) (mgC m−2 d−1) (mgC m−2 d−1) (%) (mgC m−2 d−1)

Region A (n = 3) 24.7 (0.3) 0.63 (0.15) 189 (72) 85 (43) 30 274
Stn 13 26.7 0.26 208 130 38 338
Region B (n = 3) 26.6 (0.3) 0.23 (0.08) 99 (20) 54 (2) 35 152
Stn 1 24.2 0.71 178 126 41 304
Stn 9 24.4 0.28 130 82 39 212
Region C (n = 3) 26.2 (0.1) 0.56 (0.17) 95 (16) 57 (1) 38 151

Standard deviation is indicated in parenthesis.

between PER and the size-partitioning of Chl-a nor between
PER and the relative abundance of different phytoplankton
groups (Synechococcus, Prochlorococcus, picoeukaryotes,
nanophytoplankton and microphytoplankton).

3.4 Dissolved primary production and bacterial carbon
demand (BCD)

To explore if DOCp was an important source of or-
ganic matter for bacterial consumption, bacterial carbon de-
mand (BCD) was calculated with different algorithms (see
details in Methods). There was a significant correlation be-
tween the logarithms of DOCp and BCD obtained with bac-
terial growth efficiency (BGE) estimates based on bacterial
production (r2 = 0.45, P <0.001,n = 68) (del Giorgio and
Cole, 1998) (Fig. 5a) and with the model based on Chl−a

concentration (r2 = 0.50,P < 0.001,n = 48) (López-Urrutia
and Moŕan, 2007) (Fig. 5b). However, in spite of the vari-
ability of BCD explained by DOCp (45% with the model
proposed by Del Giorgio and Cole or 50% with the model
proposed by Ĺopez-Urrutia and Moŕan), which might sug-
gest a certain degree of coupling between phytoplankton pro-
duction and bacterial consumption, BCD was always consid-
erably larger than the actual supply of dissolved compounds
released by phytoplankton, irrespective of the model used to
estimate BCD (Fig. 5a, b).

4 Discussion

4.1 Particulate and dissolved primary production

The Mediterranean Sea is often described as a system with
a characteristic transition from oligotrophic conditions in the
western basin to ultraoligotrophic conditions in the eastern
basin. The region presents a marked seasonality, which de-
termines the variability in primary production. During win-
ter, when the Mistral wind begins, cooling of surface waters
produces an intense mixing of the water column (Killworth,
1976), which brings nutrients from deep to surface layers and

allows the development of phytoplankton blooms (Morel and
André, 1991; Estrada, 1996). Low production rates are a
common feature of the summer period in the MS. During
this season, strong thermal stratification conditions prevail
and nutrients become depleted in the upper layers (Marty et
al., 2002), as observed during the BOUM cruise (Pujo-Pay et
al., 2010).

The particulate production rates measured during this
cruise were similar to those reported by Moutin and Raim-
bault (2002). Dissolved primary production remained quite
constant, and represented∼37% of total primary production
along the gradient measured in the MS. Although, little in-
formation is available to compare our results with, and all ex-
isting data mostly come from the Western Basin (Fernández
et al., 1994; Moŕan and Estrada, 2001; Morán et al., 2002;
Alonso-Śaez et al., 2008), our results are within the range of
PER values reported in the previous studies.

4.2 Variability in the contribution of dissolved
primary production

It is often stated that DOCp gains importance under nu-
trient limited conditions (Fogg, 1983). In laboratory cul-
tures, an increase in the relative importance of exudation has
been observed in nutrient limited cells (Myklestad, 1977;
Lancelot, 1983; Obernosterer and Herndl, 1995; Borsheim
et al., 2005). In oligotrophic environments, high PER val-
ues (Thomas, 1971; Karl et al., 1998; Teira et al., 2001) and
significant correlations between PER and the relative contri-
bution of small cells have been reported (Teira et al., 2001;
Morán et al., 2002). In spite of the high PER values found
in this work (>35%), and the fact that the higher contribu-
tion to phytoplankton biomass was mainly due to pico and
nanophytoplankton, we did not find any association between
PER and the relative contribution to biomass of the differ-
ent phytoplankton groups, which is consistent with previous
analyses (Marãnón et al., 2004; Ĺopez-Sandoval et al., 2010).
There are physiological reasons to expect an effect of phyto-
plankton size structure on the relative contribution of DOCp

www.biogeosciences.net/8/815/2011/ Biogeosciences, 8, 815–825, 2011
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Fig. 3. Vertical profiles of DOCp, POCp (mgC m−3 h−1), and PER from the stations sampled at regions A (Algero Provençal eddy), B
(Ionian eddy) and C (Levantine eddy).

to total primary production. The increased surface to vol-
ume ratio of small cells should favor the passive diffusion of
small molecular weight compounds through the cell mem-
brane (Bjørnsen, 1988; Kiørboe, 1993). Nevertheless, the
high PER values may also be the result of keeping the cel-
lular machinery active when cells cannot complete the syn-
thesis of macromolecules due to very low nutrient concentra-
tions, characteristic of a system like the Mediterranean Sea,
which limits phytoplankton production and growth. Further-

more, it has been reported that the exudation rate of DOC by
phytoplankton under P-limiting conditions, such as the ones
found in the Mediterranean Sea (Krom et al., 1991, 2010;
Pujo-Pay et al., 2010), become more important than under
N-limited conditions (Myklestad and Haug, 1972; Obernos-
terer and Herndl, 1995). The increase of DOCp rates as the
N:P ratio increases might lead to an accumulation of the pho-
tosynthetically derived dissolved organic matter in surface
waters of oliogotrophic areas (Karl et al., 1998).
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Fig. 4. Log-log relationship between particulate (POCp) and dis-
solved organic carbon production (DOCp) with all pooled(A) vol-
umetric and(B) euphotic layer-integrated measurements. In both
(A) and (B), the slope of the regression line was not significantly
different from 1 (Clarke test,P = 0.42 and 0.97 for volumetric and
integrated data, respectively).

4.3 Dissolved primary production in
contrasting environments

The early perception that DOCp is not an important fraction
of primary production, at least in productive waters such as
coastal regions (Thomas, 1971; Fogg, 1983), has resulted in
that DOCp measurements are not carried out in many sur-
veys of marine productivity. Baines and Pace (1991), in
their review of 16 studies including lacustrine, marine and
estuarine observations, concluded that the percentage of ex-
tracellular release represented 13% of total carbon fixation.
However, PER data from both productive (∼20%, reported
by Marãnón et al., 2004) and oligotrophic areas such as the
MS (PER>35% in this work; 32 % reported by Fernández
et al. (1994),>40% reported by Pugnetti et al. (2005), and
values up to 45% reported by Alónso-Śaez et al. (2008)) or
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mand (BCD). To compute BCD, bacterial growth efficiency was es-
timated with the models of (A) del Giorgio and Cole (1998) and (B)
López-Urrutia and Moŕan (2007). See methods for details.

the Sargasso Sea (44%) (Thomas, 1971), demonstrate that
DOCp represents an important fraction of total production
rates in all pelagic ecosystems. The lower PER value es-
timated by Baines and Pace (1991) may have been in part
the result of the few marine and oligotrophic data that were
included in the review, as well as methodological problems
such as the use of glass fiber filters in DOCp measurements.
It is now known that the use of glass fiber filters may lead to
serious underestimations of DOCp rates since an important
part of dissolved organic compounds tends to be adsorbed by
these filters (Maske and Garcı́a-Mendoza, 1994; Karl et al.,
1998; Moŕan et al., 1999).

It is worthwhile noting that when the variability in DOCp
is analysed within the same ecosystem, the percentage of ex-
tracellular release tends to remain rather constant both over
space (as shown in the present study) and also over time, in-
cluding seasonal and weekly scales (Marañón et al., 2004;
López-Sandoval et al., 2010). If we consider a larger data set
which includes vertically integrated data from widely con-
trasting environments (an ultraoligotrophic region, a temper-
ate sea and a highly productive system) (Fig. 6), the slope
obtained from the log-log regression line between DOCp
and POCp is not significantly lower than 1 (Clarke test,
P = 0.177). This result implies that with this data set, no
overall inverse relationship between PER and total primary
production exists. Nevertheless, it is necessary to take into
account that few data from very oligotrophic conditions were
included (n = 12). Furthermore, the results obtained dur-
ing the BOUM cruise showed that there is an increasing
contribution of DOCp in oligotrophic ecosystems, as sug-
gested in earlier studies (Anderson and Zeutschel, 1970;
Thomas, 1971; Berman and Holm-Hansen, 1974; Mague et
al., 1980; Fogg, 1983), and more recently reported by Teira
et al. (2001) and Moŕan et al. (2002). This pattern may be
related to the mechanisms involved in DOC exudation.
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822 D. C. Ĺopez-Sandoval et al.: Dissolved and particulate primary production

28 

 

654  

1 2 3 4
1

2

3

4
y = 0.92 (±0.06) x - 0.35(±0.18) (Model II)
r2 = 0.81 n = 47

Lo
g 

D
O

C
p 

(m
gC

 m
-2

 d
-1

)

Log POCp (mgC m-2 d-1)

1:1

BOUM
Ria de Vigo
Celtic Sea

655 
656 
657 
658 
659 
660 
661 
662 
663 
664 
665 
666 
667 
668 
669 
670 
671 

 
 Figure 6. Relationship between particulate (POCp) and dissolved organic carbon production 
(DOCp) with vertically integrated data from different ecosystems: The Mediterranean Sea (BOUM 
cruise, this study), NW Iberian Peninsula (Marañón et al. 2004), and the Celtic Sea (Marañón et al. 
2005). The slope of the regression line for the overall dataset was not significanlty different from 1 
(Clarke test, P = 0.177).  
 
 
 
 
 
 
 
 
 
 
 

Fig. 6. Relationship between particulate (POCp) and dissolved
organic carbon production (DOCp) with vertically integrated data
from different ecosystems: The Mediterranean Sea (BOUM cruise,
this study), NW Iberian Peninsula (Marañón et al., 2004), and the
Celtic Sea (Marãnón et al. 2005). The slope of the regression line
for the overall dataset was not significanlty different from 1 (Clarke
test,P = 0.177).

There is evidence suggesting that DOC release is a passive
diffusion process, which is not directly related to the phyto-
plankton community structure (Marañón et al., 2004; Ĺopez-
Sandoval et al., 2010), can be enhanced under suboptimal
conditions (Moŕan and Estrada, 2001; Marañón et al., 2004,
2005), and is persistent as long as there is an internal pool of
recently synthesized metabolites (Mague et al., 1980). How-
ever, when data taken under extreme oligotrophic conditions
are considered, it seems that DOC exudation may also be a
mechanism to compensate the uncoupling between high en-
ergy (light) and low nutrients. This is likely to be an adap-
tation process that not only prevents photochemical damage,
but also avoids the lag period to resume carbon fixation when
nutrients become again available (Fogg, 1983; Wood and Van
Valen, 1990).

4.4 Coupling between dissolved primary production
and bacterial production

Our results showed that, irrespective of the model used to
calculate bacterial growth efficiency (BGE), there was al-
ways a clear excess (5 to 14-fold) of bacterial carbon de-
mand (BCD) over DOCp. The BGE values calculated with
the two models (2–26%) are within the range reported for the
NW Mediterranean Sea (DYFAMED station) during sum-
mer conditions (Leḿee et al., 2002), and by Alónso-Śaez
et al. (2008) during a monthly study (2001–2006) in Blanes
Bay. The fact that phytoplankton DOCp was not able to sup-
ply all the carbon required by bacterial community has of-

ten been reported in the MS (Fernández et al., 1994; Van
Wambeke et al., 2001; Pugnetti et al., 2005; Alonso-Sáez et
al., 2008), and suggest that additional DOC inputs, not be-
longing to the pool of recently photosynthesized matter, are
needed to sustain bacterial production.

It has been shown that when phytoplankton experience
P-limitation of growth, such as is the case over large ex-
panses of the Mediterranean Sea, exudation rates tend to in-
crease (Obernosterer and Herndl, 1995). However, the qual-
ity of the released material may in turn affect the efficiency
with which bacteria can use the dissolved substrates, and
their metabolism can therefore be affected by the same P-
limitation (Puddu et al., 2003). Low bacterial metabolic ac-
tivity, due to poor quality of the material available, might
lead to an accumulation of DOC in surface waters. This ac-
cumulation of DOC, which takes place in the MS during the
summer (Copin-Mont́egut and Avril, 1993; Thingstad et al.,
1998), has also been suggested as a P-limitation indicator in
the North Pacific subtropical gyre (Karl et al., 1998).

The fact that the BCD estimated in this work was higher
than the DOCp rates measured, suggest that there are other
significant sources of labile DOC controlled by multiple
trophic mechanisms. Phytoplankton cell lysis induced by
viruses, or DOC released from grazers by egestion, excre-
tion or incomplete cell consumption, can also be important
supplies of dissolved organic matter for bacteria (Nagata,
2000). In oligotrophic environments, it is well known that
the phytoplankton community is mostly dominated by small
cells (Chisholm, 1992; Raven, 1998), which in turn are un-
der tight grazing control by unicellular protists, as reported
by Hagstr̈om et al. (1988) for the MS. Therefore, it is likely
that grazing activity represents an important source of labile
DOC ready to be consumed by heterotrophic bacteria.

5 Conclusions

Dissolved primary production is a relatively constant pro-
cess in the Mediterranean Sea during the summer stratifica-
tion period, represents an important fraction of total primary
production (37% on average) and does not seem to be re-
lated to phytoplankton biomass or community structure. Al-
though DOCp remained largely constant along the observed
productivity gradient, when data from contrasting environ-
ments were compared a higher relative contribution of DOCp
in very oligotrophic conditions was observed. DOCp was al-
ways much lower than bacterial carbon demand, indicating
that additional sources of DOC are needed to sustain bac-
terial production in the Mediterranean Sea during summer
oligotrophic conditions.
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