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Abstract

Bacterial biomass, bacterial production and the quantitative importance of the heterotrophic assimilation of
photosynthetically produced dissolved organic carbon (PDOC) were examined in relation to the hydrodynamical and
biological conditions in the Almeria—Oran front area (Alboran Sea, Western Mediterranean). Although, including
all data, bacterial abundance correlated with chlorophyll a (r =0.49), the bacteria/ phytoplankton carbon ratio
decreased in the core of the Atlantic jet. Bacterial integrated secondary production ranged from 124 to 199 mg C
m~2 d~1. Bacterial generation times averaged 3.2 d (S.D. = 1.3) in frontal sites above the pycnocline and 25 d
(§.D.=11) under the pycnocline. In the adjacent Mediterranean waters, bacterial generation times displayed
homogenous values from the surface to 150 m (mean 2.7 d; S.D. = 1.5). An isolated Atlantic water mass, at the right
side of the jet, showed the longest average bacterial generation times (9.5 d). In the chlorophyll maximum layers,
percent extracellular release represented 23.5% of total net primary production in the oligotrophic sites and only
6.5% in the core of the Atlantic jet. The contribution of PDOC to bacterial production exhibited large variations
(17-100%). Dissimilarities among sites and hydrodynamical structures of the water masses were mostly observed in
bacterial generation times and phytoplankton extracellular release.

1. Introduction

Mesoscale discontinuities such as fronts be-
tween water masses have been shown to promote
localized enhancement of primary production and
biomass (Falkowski et al., 1991) inducing an in-
crease of bacterial biomass and/or production
rate (Ducklow and Hill, 1985; Verheye-Dua and
Lucas, 1988; Bgrsheim, 1990). In the Mediter-
ranean Sea, in spite of an oligotrophic trend,
biological production is locally increased by
frontal systems such as the front of the Ligurian

Sea (Sournia et al., 1990; Gorsky et al., 1991), the
estuarine front of the Rhéne river plume
(Bianchi et al., 1993), and the eddies generated
from instabilities along the Algerian Current
(Millot, 1987; Raimbault et al., 1993).

The role and importance of bacteria and the
resulting microbial loop (Azam et al., 1983) have
been considered extensively as heterotrophic bac-
terial activity is closely associated with primary
production. Thirty to 50% of the fixed carbon can
be channeled through the microbial food chain
(Cole et al., 1988). Up to 50% of the bacterial
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carbon demand can be sustained by assimilation
of phytoplankton extracellular release (Baines and
Pace, 1991).

In addition to the enhancement of primary
production, the secondary circulation associated
with geostrophic fronts (i) induces particular dis-
tribution of phytoplanktonic biomass such as deep
chlorophyll maximum (DCM) under very low light
conditions and (ii) promotes growth of some taxo-
nomical groups of phytoplankton (Legendre and
Le Fevre, 1989; Gould and Wiesenburg, 1990;
Raimbault et al., 1993). Consequently, such
changes in distribution and composition of the
primary producers may induce direct conse-
quences on bacterial secondary production.

The present study reports on the bacterial
biomass, heterotrophic production and bacterial
assimilation of photosynthetically-produced dis-
solved organic carbon (PDOC) in the eastern
boundary of the Alboran Sea during the “Al-
mofront-1” cruise (Prieur et al., 1993; Prieur and
Sournia, 1994). Bacterial contribution to carbon
budget was determined in the frontal zone, as
well as and in the Mediterranean and Atlantic
adjacent oligotrophic water masses.

2. Material and methods

Samples were collected during leg B of the
“Almofront-1” cruise (14-27 May 1991) in the
eastern Alboran Sea. Six sites across the frontal
jet structure were visited from south to north
(Prieur et al., 1993; Prieur and Sournia, 1994):
site 2, Anticyclonic Atlantic Gyre (AAG); site 1,
right side of the jet core; site 5, left side of the jet
core; site 6, left edge of the jet; site 4, left side of
the jet corresponding to a divergence; and site 3,
oligotrophic Mediterranean water (Fig. 1). Water
samples were collected in 10 ] Niskin bottles from
CTD-rosette, triggered at 12 variable depths de-
termined according to the position of the pycno-
cline and DCM. Bacterial biomass and produc-
tion were determined on samples collected at
dawn in 6 Niskin bottles chosen close to DCM
(above, into and under each of the DCM). Bacte-
rial uptake of algal extracellular products was
investigated in samples collected at noon from
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Fig. 1. Location of sampling stations during the leg B of
Almofront-1 cruise (14-24 May, 1991). The arrows show the
drifts of the sediment traps during the study of each site
identified by its number. Circles show stations sampled for
bacterial biomass and production, dots show stations sampled
for bacterial incorporation of PDOC. ALG.: Algeria, A:
Almeria, C: Cartagena, O: Oran.

the DCM (Fig. 1). Before incubations, all samples
were gently sieved through a 200 um net to
remove large zooplankton.

2.1. Bacterial biomass and production measure-
ments

Bacterial abundance was determined by epiflu-
orescence microscopy of samples preserved in 2%
particle-free formalin (Porter and Feig, 1980) by
using an image analysis system (Van Wambeke,
1988). During experiments for bacterial PDOC
utilization, the size distribution of bacterial num-
bers was determined using differential filtration.
Seawater samples were screened through 3 um
Nuclepore® filters under gravity alone and bacte-
rial counts were performed in the <3 pm fil-
trate.

Bacterial production rates were estimated from
the rates of [methyl->H]thymidine incorporation
into cold trichloroacetic acid (TCA) insoluble ma-
terial (Fuhrman and Azam, 1982) and into DNA
(Wicks and Robarts, 1987). Precipitates from the
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cold-TCA treatment may include labelled pro-
teins and molecules soluble in ethanol as phos-
pholipids, in addition to the DNA (Moriarty,
1986). Because this nonspecific macromolecular
labelling varies among water types and trophic
gradients, DNA and cold-TCA precipitate la-
belling were systematically compared over sites
and depths.

Duplicates of 40 ml and a killed control were
incubated for 2 hours with 20 nM [*Hlthymidine
(44 Ci mmol !, Amersham®) at the in situ tem-
perature in the dark. Incubation was stopped by
adding ice-cold TCA to a final concentration of
5% and standing for 15 minutes on ice. Each
sample was then divided into two aliquots of 20
ml which were filtered through 0.2 um Nucle-
pore® to measure the rates of incorporation of
thymidine into cold TCA precipitable material
and into purified DNA. The filters were washed
three times with ice-cold 5% TCA, and addition-
nal washing with 3 ml of ice-cold 10 mM NaHCO,
for filters devoted to DNAse treatment. Filters
were stored at —20°C until processing. Then, the
filters for the measure of incorporation into cold
TCA precipitable fraction were incubated 30 min.
at 100°C with 0.5 ml of 0.5 N HCI, in order to
minimize self-absorption by hydrolyzing nucleic
acids. After cooling, 10 ml of scintillation cocktail
was added. The duplicate filters were submitted
to enzymatic digestion procedures (DNAse 1
grade I, 3000 Kunitz units mg ™!, Boehringer®) as
in Torréton and Bouvy (1991); 2.5 ml of a DNAse
solution (final concentration 2.5 mg1~! in 20 mM
morpholinopropanesulphonic acid, 0.5 mM
MgCl,, 0,5 mM CaCl,, pH 7.5) was poured onto
the filter. After one hour incubation at 37°C on a
rotary shaker, the incubated solution was filtered
through 0.2 xm Nuclepore® filter. Two milliliters
of the filtrate were radioassayed with 20 ml of
PCS Amersham®. Control values were obtained
by using the same mineral solution, but without
enzyme.

Linearity of uptake was achieved for 2 h incu-
bation period, as verified from time-course exper-
iments performed in sites 1, 2, 3 and 5. Concen-
tration kinetics (2 to 40 nM) showed that 20 nM
corresponded to saturating conditions in our sam-
ples, preventing endogenous isotopic dilution.

In order to convert the measured thymidine
incorporation in DNA into bacterial carbon pro-
duction, the empirical approach of Kirchman et
al. (1982) was applied to two characteristic types
of oligotrophic and frontal waters (site 3 and site
5, respectively). Two hundred milliliters of seawa-
ter, collected at the first DCM, were filtered
through 3 um to reduce the predation pressure
and diluted tenfold with 0.2 um filtered seawa-
ter. From simultaneous measurements of rates of
[*Hlthymidine incorporation and bacterial direct
counts during 24 h time-course incubations, the
conversion coefficient was calculated according to
the Modified Derivative Method (Ducklow et al.,
1992).

2.2. Algal release of PDOC and subsequent uptake
by bacteria

The photosynthetic fixation of inorganic car-
bon, the subsequent carbon release and the het-
erotrophic assimilation of PDOC were measured
by the '*C technique combined with a particle
size fractionation (Wolter, 1982). For each sam-
ple, 6 flasks were incubated with sodium [ C]bi-
carbonate (vials 1 to 6) and 6 flasks were incu-
bated with a [*HJamino acid mixture (vials 7 to
12).

Vials 1, 2, 5 and 6 received 20 ml of unfiltered
subsample, while vials 3 and 4 received 20 ml of 3
pm pre-filtered subsample. Two uCi ml™' of
sodium '*C bicarbonate (specific activity 52.4 mCi
mmol~!, Amersham®) were added in each of
these 6 vials. The blank (zero time control, vial 6)
was immediately filtered. Vials 1 to 4 were incu-
bated, for 6 h (afternoon half day), at 15°C in a
photosynthetron-type incubator (Lewis and Smith,
1983) with neutral screens simulating depth light.
Vial 5 was the non-photosynthetic fixation con-
trol and was incubated in the dark. At the end of
the incubation period, each vial was filtered se-
quentially through 3 um (Nuclepore® filters,
gravity filtration) and 0.2 pum (Nuclepore® fil-
ters, vacuum < 150 mm Hg). Two 10 ml aliquots
of the filtrate from the 0.2 wm filtration contain-
ing the residual exudate were acidified with HCI
(pH < 2) and purged with air (2 hours). Then, 8
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ml of this acidified filtrate received 10 ml PCS
scintillation cocktail (Amersham®) and were ra-
dioassayed.

The activities on the 0.2 um filters include
bacterial assimilation of *C-labelled extracellular
organic carbon and photosynthetic assimilation of
small algae. Pre-filtered controls (vials 3 and 4)
were used to estimate the bicarbonate uptake in
the 0.2-3 um fraction. Water from the original
composite samples was pre-filtered through a 3
pum filter, incubated as described earlier, and
subsequently 0.2 pm filtered. The radioactivity
on 0.2 um filters from vials 3 and 4 was assumed
to be due to small algae (picoplankton) and was
substracted from the radioactivity on the 0.2 um
filter of vials 1 and 2. The difference represents
the radioactivity associated to heterotrophic as-
similation of PDOC by bacteria passing through 3
pum filters. Some large, clumped and/ or
particle-attached bacteria were also retained on
the 3 um filter, however. To correct for het-
erotrophic assimilation of PDOC in this upper
fraction, the size distribution of heterotrophic
activity (as determined with [*Hlamino acid as-
similation) was also measured during 2-hour incu-
bations. This correction assumed identical size
distributions of extracellular organic carbon uti-

lization and amino acid uptake. [*H]amino acid
mixture (ref TRK 440, Amersham®) was added
in 20 ml subsamples (vials 7 to 12) at a final
concentration of 2 nM. Vials were incubated for
2 hours in the same conditions as *C-incubated
flasks. Formalin was used for killed blanks (vials
9 and 12) and for stopping incubation. Duplicates
(vials 7 and 8) were filtered through 3 um. The
two other duplicates (vials 10 and 11) were 0.2
wpm filtered. Filters were rinsed several times with
0.2 um filtered seawater. The following conven-
tions were used:

— Total net PDOC release = apparent PDOC re-
lease + bacterial assimilation of PDOC.

— Total net primary production = particulate
phytoplankton production + total net PDOC
release.

— Percent extracellular release (PER) = 100 X
total net PDOC release / total net primary pro-
duction.

During the study of bacterial assimilation of
phytoplankton exudates, amino acid uptake rates
were estimated using [*HJamino acid assimila-
tion. Dissolved free amino acids (DFAA) were
measured according to the HPLC method of Lin-
droth and Mopper (1979).

Bacterial abundance x 105ml_1
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Fig. 2. Profiles of bacterial abundance at the six sites investigated.
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3. Results
3.1. Biomass and heterotrophic production

The vertical profiles of bacterial abundance in
the euphotic zone showed a strong contrast be-
tween the Mediterranean site 3 and the Atlantic
site 2 which displayed respectively low (2.3 to
6.4-10° ml~Yand high (up to 13.5:10° ml™!)
densities of bacteria (Fig. 2). Intermediate values
were observed in the jet core sites (1 and 5). In
sites 4 and 6 (north of the jet), bacterial abun-
dance peaked at the DCM (7.4 and 6.0 - 10° bac-
teria ml~!, respectively). Bacterial numbers, in-
cluding all data, were correlated (linear correla-
tion coefficient 0.49, p < 0.01) with the Chl. a
concentration (HPLC data, Claustre et al., 1994).
At the DCM, bacterial counts in unfiltered and in
> 3 um fraction were never statistically different.
In contrast, in surface sample of AAG, bacteria
retained by 3 um filter represented 15% of the
total counts (results not shown).

The amount of radioactivity incorporated into
DNA ranged from 25 to 72% of total macro-
molecular labelling (mean =52.2; S.D.=12.5; n
=32). No consistent relationship was observed
between this ratio and sites or depths. Further-
more, no significant correlation (Spearman rank
correlation) was obtained, neither with bacterial

numbers ( p > 0.05; n = 32), nor with trophic gra-
dient as reflected with chlorophyll a (p > 0.05;
n=32). In addition, inside each site, variability
(Standard deviation/mean) of this ratio was al-
ways greater than 21% except for both frontal
sites (12% and 7% for sites 5 and 1 respectively),
which were also sites of a strong bacterial produc-
tion. The ratio of radioactivity incorporated into
DNA versus TCA-precipitable fraction (DNA/
TCA) was inversely correlated to thymidine in-
corporation rate in DNA (r=0.49; p <0.01).
Such observations have already been made on
more eutrophic river waters (Jeffrey et al., 1990)
and hypertrophic coastal waters (Robarts et al.,
1986). A detailed analysis of this relationship
showed that the variability of the ratio DNA/
TCA was higher (27%) for low production rates
(<3 pmol I"! h™! into DNA) than for high
production rates (9%). Furthermore, we observed
in our calibration experiments that a very large
proportion (> 80%) of exogenous thymidine was
incorporated into DNA rather than into other
macromolecules. TCA-based conversion factors
would give overestimates of bacterial production.
Consequently, we used DNA-based conversion
factors and thymidine incorporation rates into
DNA for our estimates of bacterial biomass pro-
duction.

The rates of thymidine incorporation into DNA

Thymidine incorporation rates ( pmol 1.1 h_linto DNA)
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Fig. 3. Profiles of thymidine incorporation rates at the six sites investigated.
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(Fig. 3) were not related to bacterial abundance.
JIn both sites of the jet core (1 and 5), the maxima
of bacterial production and bacterial counts did
not coincide. In these sites, bacterial production
was three times higher than in the oligotrophic
sites (3 and 2). This increased production was
obviously demonstrated in the first 50-80 m, cor-
responding to the low salinity surface water. Site
2 (Atlantic) displayed, concomitantly, the highest
bacterial numbers (> 10% cells ml~') and the
lowest thymidine incorporation rates (0.07-1.4
pmol 17! h™! of thymidine incorporated into
DNA).

The conversion factor for the calculation of
bacterial production from rates of [*H]thymidine
incorporation into DNA was established on the
consideration of: (1) two values of 0.68 and 1.81
X 108 cells per mol incorporated into DNA at
chlorophyll maximum layers in sites 1 and 3,
respectively, (2) an average bacterial biovolume
of 0.1 wm? obtained from the two calibration
experiments and (3) a biovolume—carbon conver-
sion factor of 0.2 pg C um > (Simon and Azam,
1989). The conversion factors were of 13.6 and
36.2 pug C per nmol of thymidine incorporated
into DNA, for frontal sites (1 and 5) and other
sites (2, 3, 4, 6), respectively. A similar tendency
(conversion coefficient lower in coastal waters
than in offshore area) has been already observed
(Fuhrman and Azam, 1982). In terms of carbon,

Table 1

M. Ferndndez et al. / Journal of Marine Systems 5 (1994) 313-325

bacterial production showed the same vertical
distribution than thymidine incorporation rates
data inside the frontal sites 1 and 5. In contrast,
differences of bacterial production among sites 2,
3, 4 and 6 over sites 1 and 5 were attenuated
when expressed in carbon. Bacterial carbon pro-
duction at the various depths ranged between
3-87 ng C 17! h~! (site 1, right side of jet core);
3-52ng C17! h™! (site 2, AAG); 30-99 ng C 17!
h~! (site 3, Mediteranean waters); 24-136 ng C
171 h~! (site 4, subsurface divergence, left of the
jet); 2-86 ng C 17! h~! (site 5, left side of the jet
core); 2-101 ng C 17! h™! (site 6, left edge of the
jet). In frontal sites, however, a contrast was still
observed between less saline water (above the
pycnocline) and deeper waters; this also applies
to bacterial generation times.

In both frontal sites, bacterial generation times
dropped drastically under the pycnocline: from
2.6 to 32 d in site 1, and from 3.6 to 22 d in site 5
(both comparisons statistically different, Student
t test, p <0.05). In the adjacent areas, shorter
generation times were observed, but they con-
cerned the entire euphotic zone (3 to 150 m):
mean generation time was 2, 3.5 and 2.5 d in sites
3, 4 and 6, respectively. On the contrary, in the
AAG (site 2), where simultaneously bacterial
biomasses were high and production rates were
low, we observed the highest bacterial generation
time of 9.5 d in the upper 150 m.

Amino acid uptake: Total heterotrophic activity measured by [>H}-amino acid incorporation and percentage of heterotrophic
activity included in the >3 pm fraction, DFAA concentration of dissolved free amino acids. DCM1: first deep chlorophyll

maximum, DCM2: second deep chlorophyll maximum

Site Depth Amino acid uptake DFAA Bacterial counts
Rate % >3pum (nmol 1~ 1) 103 bacteria ml~!
nmol 171 h~1

1 DCM1 50 m 1.51 19 175 7.06

DCM2 100 m 5.08 10 248 6.49

2 surface 3 m 3.04 14 327 10.98

DCM1 55 m 4.90 2 189 7.15
3 surface 3 m 245 6 382 4.18
DCM1 62 m 1.15 7 133 454
4 DCM1 31 m 3.88 6 475 6.88
DCM2 60 m 0.79 7 167 7.42
5 DCM1 33 m 2.06 5 163 6.07
6 surface 10 m 2.26 11 389 4.83
DCM1 50 m 1.28 5 425 4.89
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Most of the amino acid assimilation (90-95%)
was realized by free-living bacteria or by bacteria
attached on particles smaller than 3 um (Table
1). The participation of fraction >3 pm to het-
erotrophic activity was highest in 50 m layer of
site 1 (19%) and in surface waters of site 2 (14%).
Whereas DFAA concentrations above 50 m depth
were low in both frontal sites (1 and 5), as com-
pared to the other sites, total amino acid assimi-
lation rates did not show any contrast among sites
or depths investigated and ranged from 0.8 to 5
nmol 1= h™! (Table 1).

3.2, Algal release of dissolved organic carbon and
subsequent bacterial uptake

For all samples, total net primary production
measured in conditions simulating DCM lighten-
ing varied in a limited range (0.2-0.7 mg C m~3
h~!; Fig. 4). In contrast, the photosynthetic re-
sponses of samples from the first and/or second

DCM, incubated under saturating light condi-
tions, were very different (Fig. 4) from that ob-
served when incubated under 1% light (in situ
simulated conditions). The highest increase of
photosynthetic activity was observed in the first
DCM of both frontal sites (enhancement factor
5.4 and 4.7 for sites 1 and 5, respectively).

The repartition of the ['*C] label among the
three fractions (particulate autotrophic, particu-
late heterotrophic and dissolved) showed an ex-
tracellular release in all sites, whatever the inten-
sity of the total net primary production. Ranges
of apparent PDOC release rates were 0.019-0.163
mg C m~3 h~! for saturating light conditions and
0.002-0.041 mg C m~3 h~! for simulated in situ
light conditions. The activity of microzooplankton
(sloppy feeding, excretion) included in incubation
flasks may contribute to enhanced release of
PDOMC (Jumars et al., 1989), although the small
incubated volume (20 ml), and the 200 um pre-
filtration would reduce such contribution.

4 - *
]

= 3. B apparent PDOC release
15
g bacterial assimilation of PDOC
=
§ ~ [0 particulate phytoplankton production
Q' )
E’ «?:' 2 4
£ * -
&, o * =
2
=
E * o * *
= *

/ I-l 7/

7 7/

’ [ )
DCM1 DCM2

S DCM1

2 1 5

Nt N/
DCM1 DCM2

6 4 3 site

S DCM1

Fig. 4. Total net primary production (particulate phytoplankton production + bacterial assimilation of PDOC + apparent PDOC
release) measured in samples from S = surface, DCM1 = first chlorophyll maximum, DCM2 = second chlorophyll maximum.
Samples were incubated in light saturating conditions (*) or “simulated in situ” conditions. See Table 1 for depths.
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Percent extracellular release (PER) showed a
great variability between sites and light condi-
tions (Fig. 5). The greatest percentage release
was obtained in the most oligotrophic sites 2 and
3 (21-32% and 15-23%, respectively). On the
contrary, PER values were small in frontal sites
(site 1: 2-3%; site 5: 5-11%).

The presence of picophytoplankton passing
through 3 pwm filters would lead to an overestima-
tion of the bacterial uptake of PDOC. At each
experiment a correction was attempted by com-
paring carbon fixation in pre- and post-filtered
samples incubated with NaH'*CO,. But, in four
of eighteen experiments, this correction resulted
in a negative bacterial uptake of PDOC, as an
higher activity was found on the 0.2 um filters
from >3 um samples (vials 3 and 4) than in
those incubated with the whole water (vials 1 and
2). These samples were not considered for bacte-
rial assimilation of exudates. Such a methodologi-

40 -

%

30

20 -

total net PDOC release
total net primary production

S DCM1

2 1 5

DCM1 DCM2 DCM1

cal artifact has been already observed (Sgnder-
gaard et al., 1985) and is mainly due to an impor-
tant contribution of <3 pm size phytoplankton
to photosynthesis. The measurement of size-frac-
tionated productivity by Videau et al. (1994) indi-
cated also that the photsynthesis activity was
mainly due to “small” size phytoplankton in sites
2, 3 and 6 at the DCM. Then, 0.8 or 1 pm filters
would be more appropriate in more oligotrophic
areas (Sgndergaard et al., 1985), where nano- and
picophytoplankton dominate.

For the other data, bacterial assimilation of
excreted material ranged from 21 to 78% (mean
= 45; n = 14) of the total net release during a 6 h
of incubation period. In the oligotrophic sites (2
and 3), about half (mean =53.8;S.D.=17; n =4)
of the excreted carbon was assimilated by the
heterotrophic bacteria. This percentage de-
creased in frontal sites 1 and 5 (mean = 30.5;
S.D.=9.5; n=23).

bacterial assimilation of PDOC
apparent PDOC release

DCM1 DCM2 S DCM1

6 4 3 site

Fig. 5. Bacterial uptake of algal extracellular products. Percentage extracellular release measured in samples from S = surface,
DCM1 = first chlorophyll maximum, DCM2 = second chlorophyll maximum. Samples were incubated in light saturating (*) and /or
or “simulated in situ” conditions. See Table 1 for depths.
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4. Discussion

4.1. Bacterial biomass and production versus
trophic gradients

In the Almeria-Oran frontal area, bacterial
numbers were of the same order of magnitude
than in other Mediterranean fronts: the Rhéne
River plume (Soto et al., 1993), the Ligurian front
(Van Wambeke and Fernindez, unpubl. data)
and a warm core eddy in the Eastern Mediter-
ranean (Zohary and Robarts, 1992). At compara-
ble space scales (geostrophic front), bacterial
numbers ranged from 0.3 to 23 10° bacteria ml~*
in a Gulf Stream front (Barsheim, 1990) and 3 to
6 10° bacteria ml~! in warm-core Gulf Stream
rings (Peele et al., 1985).

Considering large time and large space scales,
Cole et al. (1988) described bacterial numbers as
globally correlated to chlorophyll a content. In
the present study, taking into account overall
samples, bacterial abundance was correlated with
Chl. a (r = 0.49). At the contrary, lack of correla-
tion has been observed in other frontal systems
(Gulf Stream front: Bgrsheim, 1990; warm-core
rings: Ducklow, 1984).

Nevertheless, considering the results site by
site, i.e. smaller scales, and assuming C/Chl. a
ratio = 50 (Fuhrman et al., 1989), the bacteria/
phytoplankton carbon ratio decreased from 0.73
(Atlantic water, site 2) and 0.87 (Mediterranean
water, site 3) to 0.12 and 0.26 (jet sites 1 and 5,
respectively). Thus, as described by Cho and
Azam (1990), the participation of bacteria to the
phytoplankton biomass decreased as the trophic
gradient increased. In addition, the relative pro-
portions of phytoplankton and bacterioplankton
reflect the age of the water mass (Verheye-Dua
and Lucas, 1988). High bacterial biomass/
phytoplankton ratios are generally demonstrated
in “old” water masses characterized by senescent
phytoplankton, as it was the case for the AAG in
site 2. Whatever the studied sites, the bacterial
biomass was smaller than the phytoplankton
biomass in the upper layers (above 150 m), in
contrast to the general trend described in oceanic
waters (Fuhrman et al., 1989).

Considering the euphotic zone, bacterial gen-
eration times showed no differences among sites.

Nevertheless their study revealed the originality
of the AAG waters, in which bacterial productiv-
ity was very low (bacterial generation time 9.5 d).

Long doubling times (ca 50 d) were observed
in the Levantine Basin of the Eastern Mediter-
ranean Sea (Zohary and Robarts, 1992). Fuhrman
et al. (1989) recorded also bacterial doubling times
higher than 10 d in euphotic zone of Sargasso
sea. At the opposite, using a pulse labelling tech-
nique, LaRock (1987) cited extremely short bac-
terial generation times (down to 5 h) in the Alme-
ria—Oran zone itself. According to this author,
only 1% of the bacterial population was active. In
our calibration experiments, we observed ex-
tended lag phases before bacterial proliferation:
9 h on site 5, 15 h on site 3 and > 24 h on site 2.
These results also argue for a minor fraction of
productive population in site 2 (Giide, 1990; Giide
et al., 1991).

4.2. Phytoplankton excretion and bacterial utiliza-
tion of PDOC versus frontal situation

The percentage of algal extracellular release
was clearly influenced by the fertilisation linked
to the front-jet system. In frontal sites 1 and 5,
the algal population was in a good physiological
state as proved by low PER (site 1: 2-3%; site 5:
5-11% of the total net primary production at the
DCM). A greater release (15-32%) was noted in
the two oligotrophic sites (2 and 3), of Atlantic
and Mediterranean origin respectively, although
their water masses displayed different hydrologi-
cal features. A great variability of PER is ob-
served along the primary productivity gradient
(Baines and Pace, 1991). In oligotrophic areas,
the proportion of total photosynthate released is
usually greater than in more eutrophic areas, as
shown in this work. Taxonomic composition of
phytoplanktonic populations, nutrient limitation,
and phase of growth (Wolter, 1982; Lancelot,
1983; Jensen, 1984) have been demonstrated to
contribute to the enhancement of PER in olig-
otrophic areas.

The contribution of PDOC uptake to bacterial
carbon demand was estimated for the 5 sets of
data available on bacterial assimilation rates of
PDOC at in situ-light simulated conditions, in
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spite of some technical and biological considera-
tions which have to be taken into account. Be-
cause of the time needed for experimental work
on board, bacterial production and PDOC assimi-
lation were measured on samples from two CTD
respectively taken at sunrise and at noon. This
influence of time delay between sampling could
be lowered, for this comparison between sites, as
the same protocol was applied each time. On the
other hand, one may note that thymidine incor-
poration (bacterial production) is not systemati-
cally coupled with carbon uptake (Chin-Leo and
Kirchman, 1990).

Estimates of PDOC uptake contribution to
bacterial carbon demand are scarce in the litera-
ture. Assuming an average value of 50% respira-
tion of PDO'C (Chrost and Faust, 1983; Coveney
and Wetzel, 1989), it was calculated that bacterial
PDOC uptake (0.006-0.11 ug C 17! h™!) con-
tributed from 17 to 100% of the bacterial carbon
demand (calculated from bacterial production on
an hourly basis). High contribution of PDOC
uptake has already been observed (Sundh and
Bell, 1992). In sites 1 and 6 (sides of the jet),
participation of extracellular release to bacterial
carbon demand was higher in the second DCM
(100%) than in the first DCM (17-19%). In the
oligotrophic adjacent sites 2 and 3, the only com-
parison available concerned surface waters and
demonstrated an higher participation of extracel-
lular release to bacterial carbon demand in At-
lantic site 2 (100%) than in the Mediterranean
site 3 (29%). In this AAG, an increased utiliza-
tion of PDOC for the bacterial production argued
for a great participation of the microbial loop on
the turnover of the organic matter inside the
photic layer. Furthermore, this site was character-
ized by a phytoplanktonic population dominated
by dinoflagellates representative of regenerated
primary production (Videau et al., 1994) and spe-
cific lipid metabolism (Gérin and Goutx, 1994).

Up to 72% of the PDOC was assimilated dur-
ing the incubation period. Coupling between the
production of easily usable organic compounds
and their incorporation into biomass by het-
erotrophic bacteria showed high turnover of
PDOC in AAG (site 2) and Mediterranean water
(site 3). If concomitant high percentage of phyto-

plankton release and high bacterial turnover rates
of PDOC, as observed in the DCM layers, oc-
curred in the entire euphotic zone, it would coun-
terbalance the lower fluxes of primary production
measured in these oligotrophic areas.

Total bacterial production throughout the eu-
photic zone (150 m), as calculated by integrating
the depth profiles after straight line interpolation
between the measurements, varied from 124 to
199 mg C m~2 d L. These values are on the same
order of magnitude than a mean of 204 mg C
m~2 d~! obtained in the Gulf Stream front in
October by Bgrsheim (1990), although the range
obtained by this author (79-1289 mg C m~2 d~ 1)
was greater. The corresponding bacterial carbon
demand (assuming 50% of bacterial growth yield)
represented 64 and 47% of the integrated pri-
mary production in sites 4 (left side of the jet)
and 3 (Mediterranean water), respectively. On
the contrary, only a minor fraction of the inte-
grated primary production corresponded to the
bacterial carbon demand in the jet sites 1 and 5
(16 and 28%, respectively), and also in site 6
(18%). The latter showed also, as in the jet, an
enhanced integrated primary production (Videau
et al., 1994). A median value (28%) was obtained
in AAG waters (site 2). In a broad cross-system
overview, Cole et al. (1988) defined that about
40% of primary production fluxes through bacte-
ria in the photic zone.

Considerable parts of the carbon produced by
algae in the jet core were not used by the local
pelagic bacteria and their associated microbial
loop, but were lost from the productive frontal
site by particulate flux export. Enhanced sources
of algal export were vertical sinking (Peinert and
Miquel, 1994) and copepod grazing (Thibault et
al., 1994). Both these export sources were selec-
tive and did not concern heterotrophic bacteria
which sayed within the water mass and were
dependent mostly on dissolved organic matter
source, as free living bacteria were dominant.

5. Conclusion

Over the area investigated, bacterial abun-
dance showed highest values in the Anticyclonic
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Atlantic gyre (site 2), and lowest in the Mediter-
ranean site (3). Nevertheless, average values
stayed overall sites around 10° bacteria ml™},
with consequently no visible effect of frontal con-
ditions on bacterial abundance.

Bacterial production in the upper 0-50 m layer,
as measured by thymidine incorporation rates
into DNA, was 3 times higher in the jet core
(sites 1 and 5) than in the oligotrophic Atlantic
and Mediterranean water masses. The similarity
of integrated (0-150 m) bacterial production
among the sites investigated originated from two
main causes. Firstly, the use of different conver-
sion factors, to convert thymidine incorporation
rates in bacterial production, globally balanced
discrepancies observed among sites. Secondly,
there is no valuable reason to integrate bacterial
production over the upper 150 m water column in
frontal sites where water layers exhibit variable
displacement rates.

In DCM layers, the total net PDOC repre-
sented 23.5% of total net primary production in
oligotrophic sites and only 6.5% in the core of the
Atlantic jet. The contribution of PDOC to bacte-
rial production exhibited large variations (17-
100%). Highest percentages were observed in the
DCM layers in frontal area and in the AAG. In
these areas, an increased utilization of PDOC for
the bacterial production argued for a strong par-
ticipation of the microbial loop to the fate of
phytoplankton production. On the contrary, in
the surface layers (above the pycnocline) of the
Almeria-Oran front, phytoplanktonic production
was not used by the local pelagic bacteria.
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