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ABSTRACT: Bacterial anaerobic processes in particles in the water column of the northwestern
Mediterranean Sea were investigated. Particles concentrated on a filter were incubated in oxygen-free
sterile sea water. Results demonstrated that there is a weak but almost constant expression of bacterial
nitrate-dissimilation processes [denitrification and dissimilatory nitrate ammonification (DAP)] associ-
ated with particles. Both activities were found from 30 m down to 615 m depth in coastal water off Mar-
seilles, France, in autumn and from 100 to 700 m depth in spnng and autumn 1n coastal water off Nice.
In summer when oligotrophic conditions occurred, both activities were just detectable. In the other sea-
sons, denitrification was the main process of nitrate dissimilation, with peak activity in autumn. This
activity was associated with both large and small particles. In contrast, nitrate ammonification was
associated only with large particles that were located in the upper layer in autumn and spread through-
out the water column in spring.
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INTRODUCTION

Particulate macroaggregates are often formed in the
upper 50 m of the oceans (Alldredge & Gottschalk
1989). Typical aggregates contain rich communities of
bacteria and protozoa, at densities 2 to 5 orders of mag-
nitude higher than populations found in the surround-
ing water (Alldredge et al. 1986). This study was
undertaken as part of the Mediterranean Targeted
Project (MTP)-EMPS (European Microbiology of Par-
ticulate Systems); its purpose was to study the role of
suspended particulate matter in microbial activities,
and the main question addressed was ‘the bacterial
communities attached to the aggregates, their compo-
sition, their metabolic activities and their role in bio-
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geochemical cycles’. With regard to the nitrogen cycle,
dissimilatory reduction of nitrate by bacteria {compris-
ing denitrification and dissimilatory nitrate ammonifi-
cation (DAP)] is an important process. Reduction of
nitrate to dinitrogen through denitrification leads to
the production of gaseous products (N; or N,O) that
are rapidly lost for the ecosystem, whereas the alterna-
tive pathway (DAP) conserves nitrogen in a readily
useable form (NH,") and thus may cause nutrient
enrichment. Therefore, depending on the relative
intensity of both pathways, dissimilatory nitrate reduc-
tion can act as a source as well as a sink in the cycling
of this element. Both corresponding pathways are gen-
erally described as strictly anaerobic processes, and
their simultaneous occurrence has only been demon-
strated in sediment (Jorgensen & Serensen 1988,
Gilbert et al. 1997) and in a generally oxygenated envi-
ronment such as the particulate system from the very
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Fig. 1. Location of the sampling sites in
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turbid plume water of the Rhone River (Omnes et al.
1996) but never in an oligotrophic ecosystem. The
Rhone River plume water presents unusual features
such as nitrate concentrations close to 100 mM and a
very high number of particles in the water column,
conditions which are far from being oligotrophic.

The aim of our work was therefore to investigate the
occurrence and intensity of denitrification and DAP
activities in the water column of the open sea and at
coastal stations situated in the northwestern part of the
Mediterranean (Gulf of Lions and Ligurian Sea) which
are subjected to different land inputs at various peri-
ods of the year. These activities were investigated for
particles of different sizes and, whenever possible, in
phytoplankton peaks.

MATERIAL AND METHODS

Sampling strategy. Samples were taken in the
Mediterranean Sea (Fig. 1). Table 1 gives the detalls of
sampling. The cruises Pauline, Picnic, Mikel (EMPS
project cruises; RV 'Thetys II' for the Pauline and Pic-
nic cruises and RV 'Professeur Georges Petit’ for the
Mikel cruise) and Euromarge (EMPS and Euromarge

the northwestern Mediterranean Sea

joint cruise; RV 'Le Suroit') were organised as part of
the MTP. During cruises the sampling depth was
decided upon in real time according to the depth of the
peak of large particles {>100 um) determined by video
profiler casts (Gorsky et al. 1992). For the Euromarge
cruise, we sampled at the depth corresponding to the
peak of fluorescence.

Temperature, fluorescence and salinity were mea-
sured using a CTD probe (Seabird SBE}). Records of
suspended particles larger than 100 um were carried
out using an underwater video profiler. Chlorophyll
measurements were performed fluorimetrically.

For all cruises, particulate matter sedimenting
through the water column was collected with an in situ
pump (particle samplers: Challenger Oceanic) using
142 mm diameter filters. The pumps were run from
42 to 48 min. The filtration speed varied with the parti-
cle concentration and the resulting volume of filtered
water varied from 80 to 400 1. For all cruises except
Pauline, all particles greater than 0.8 pm were col-
lected on a Millipore MF 0.8 pm filter For the Pauline
cruise, particles were separated into 2 size ranges:
>8 um (Millipore AP 8 pum filter) and 0.8-8 pm (Milli-
pore MF AP20). Except for the Pauline and Picnic
(Stn N2, 28 miles) cruises, fecal pellets seemed to be
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Table 1. Location, date and depth of samples collected during
the different cruises

Cruise Lat., long. Date  Sampling

depth (m)

Pauline (Marseilles transect)

Stn M1 43°10'N, 5°12'E 12 Nov 94 25
35
65

7 Nov 94 45
55

615

42°56'N, 5°12'E 15 Nov 94 30
60

42°49'N, 5°12'E 14 Nov 94 45
100
620

Stn M3 43°02'N, 5°12'E

Stn M5

Stn M7

Picnic (Nice transect)
Stn N1, 5.5 miles 43°39'N, 7°27'E 7 Apr95 140
420

700

8 Apr 95 100
250
400

Stn N2, 28 mules  43°25'N, 7°52'E

Euromarge

Stn M1 (Marseilles) 43°10'N, 57 12'E 8 Jul 95 50
Stn B5 (Banyuls) 42725'N, 3745'E 1 Jul 95 40
Stn B2 (Banyuls)  42°34'N, 3°17'E 30 Jun 95 60
Stn S2 (Baleares) 42°02'N, 3°38'E  3Jul 95 70

Mikel (Nice transect)
Stn N1, 5.5 miles  43°39'N, 7°27'E 1 Dec 95 100
2Dec95 300

4 Dec 96 700

absent on the filters. Most of the particles collected
with the in situ pump came from terrestrial sources;
cuticular fragments were the only biogenic particles
that could be found (Poulicek 1996).

Nutrient salts analysis. Subsamples of water col-
lected with Niskin bottles and in situ pumps were
frozen for later measurement of nitrate and nitrite con-
centrations using a Technicon autoanalyzer (Tréguer &
Lecorre 1975).

Microbial activities. A combination of the acetylene
blockage technique to assay for denitrification and a
N isotope tracer technique to measure DAP was used
(Omnes et al. 1996, Gilbert et al. 1997). Measurement
of the 2 bacterial activities was carried out indepen-
dently with 100 ml subsamples kept in 130 ml serum
flasks. Experiments were performed with water sam-
ples collected with a Niskin bottle or with particles col-
lected on a filter using the in situ pump. For the latter
samples, a fraction (1/10) of a filter (MF or AP20) was
incubated with 100 ml of 0.22 mm filtered sea water.
Flasks were sealed with butyl rubber stoppers and
anaerobic conditions were obtained by flushing N,
through the flask for 5 min. The incubations were per-

formed in the dark and at a temperature correspond-
ing to the in situ condition (x1°C). For each (denitrify-
ing and DAP) activity, 2 measurements were deter-
mined: the natural and the potential (enzymatic)
activity. The first (without any nitrate or carbon
amendment) reflects the in situ metabolic rate,
whereas the second reflects the amount of functional
enzymes present in the sample at the time of sampling.
For the latter activity, all factors affecting its expression
(electron donor, i.e. glucose, and acceptor, i.e. nitrate)
were adjusted to a non-limiting concentration (Tiedje
et al. 1989) For measurement of natural activities,
chloramphenicol was added to each sample (1 g I'") to
avold further protein synthesis; for measurement of
potential activities, chloramphenicol, glucose (1 g 17!)
and KNO; (1 mM) were added (according to Tiedje et
al. 1989). Activities were stopped by adding 100 pl of
HgCl, (1 mM). Nitrate, nitrite, nitrous oxide and
SNH,*/!*NH,* analyses were performed at time zero
(starting time of incubation) and after 1, 3, 5, 10 and
24 h of incubation.

Denitrifying activity. The initial rate of nitrous oxide
accumulation is considered to be the in situ denitrifi-
cation activity. These assays were performed during
a short-term incubation and N,O was measured
throughout the incubation period. The recommended
period is 3 h. After incubation, 2.5 ml of the gas phase
were sampled using a pre-evacuated Venoject tube.
Extraction of nitrous oxide from the liquid phase was
carried out using the procedure of Chan & Knowles
(1979) modified by the technique of multiple equilib-
rium (McAullife 1971). Nitrous oxide was determined
using a Girdel series 30 chromatograph equipped with
an electron capture detector as previously described
(Bonin et al. 1987).

Nitrate ammonifying activity. The procedure used
has been extensively described by Omnes et al. (1996).
The major criterion for identification of dissimilatory
nitrate reduction to ammonium is the production of
ammonium from nitrate in the presence of an excess of
reduced nitrogen which is needed for growth (Tiedje
1988). Therefore, the formation of '"NH,* was moni-
tored in subsamples in which a small quantity of
PNO; (97.4 % “NO3/“NOy; Isotec France) had been
introduced. NH,ClI corresponding to a final concentra-
tion of about 1 mM, was also added to the samples to
block the nitrate assimilation pathway (Tiedje 1988).
The progressive increase in isotopic enrichment of the
ammonium and particulate fractions was monitored
with time as the substrate (NO;) was used. Ammo-
nium was removed from the solution and trapped on a
filter by microdiffusion. Filters containing NH,* were
then analyzed for '*N content by mass spectrometry
(Tracer mass, European Scientific) (Omnes et al. 1996,
Gilbert et al. 1997).
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RESULTS

Pauline cruise
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The Marseilles transect was located on the Mar-
seilles Canyon. Stn M1 was situated on the coastal
shelf, and the other stations were in waters with depths
of 1000 m or more.

Results of temperature and salinity profiles obtained
during the Pauline Cruise are reported in Fig. 2. For all
stations, a mixing of lower-salinity, warm upper water
and colder, more saline deeper water was observed.
The upper layer was 30 m deep for all stations except
for Stn M1, where it was about 70 m deep. Stn M7 dif-
fered from the others in that the upper layer showed
much lower salinity (37.5 vs 37.9%.). For Stns M1, M3,

Table 2. In situ denitrification and dissimilatory ammonium production (DAP) rates
{umol I"! d!) in the Marseilles transect (Stns M1, M3, M5, M7) of the Pauline cruise.
Minimum and maximum values shown for each sample. Values (initial linear rate
of N,O accumulation) were calculated from data (N,O quantities) measured after
0,1,3 5,10 and 24 h of incubation. na: not available; nd: not detected

M5 and M7, the profiles of nitrate and
nitrite concentration and the natural
and potential activities are shown in
Table 2 and Figs. 3 & 4.

Concerning natural activity (Fig. 3),
at all stations and depths, denitrifica-

. e tion was the main process. This activ-
Stn  Depth Particle Denitrification rates DAP rates . h f d I led
(m) size {(pm) Natural Potential Natural  Potential ity that was o_un at all sample
-t — — _ depths was within the same range of
M1 25 >8 10.2-19.8 6.2-16.1 0.2-0.3 1859-273.5 magnitude in small and in large parti-
0.8-8 11.9-12.3 7.1-15.8 <0.1 nd cles. The maximum activities (mean
65 >8 na na <01 26.5-34.5 value 90.6 and 122.9 nmol I"! d°! for
0.8-8 6.7-11.9 6.9-108 <01 <0.1 small and large particles respectively)
M3 45 >8 15.8-39.1 18.9-28.9 09 78.2-79.1 were found at Stn M5. In Contrast' nat-
0.8-8 30.9-32.2 48.8-68.2 <0.1 <0.1 ural DAP was found only in the upper
615 >8 69.4-70.2 34.3-37.2 <0.1 13.3-17.4 layer of Stns M1, M3 and M5 and was
0.8-8 38.7-73.7 95.6-150.5 <0.1 7.1-9.9 . . .
associated only with large particles.
M5 30 >8 79.2-166.7 742-153.1 <01 294.1-352.1 The maximum activity was found at
0.8-8 50.1-67.8 43.8-79.2 <0.1 <0.1 Stn M3 (0.9 nmol It d'1).
60 >8 53.9-107.8 55.1-83.7 <01 <0.1 By adding an electron donor (glu-
0.8-8 79.4-101.8 78.5-136.1  <0.1 <0.1 Y . g _ g
150 >8 97.6-121.7 107.5-154.9  <0.1 <0.1 cose) and acceptor (nitrate) to sam-
0.8-8 38.5-9490 43.12-106.6 <0.1 <0.1 ples, the potentlal activities could be
measured. For all stations, the poten-
M7 40 >8 17.9-30.3 20.8-35.7 <0.1 44.9-47.8 ial itrifi . s C p .
0.8-8 455-737 54.4-62.6 <0.1 <0.1 tial denitrification act1v1t.1es were 1n
620 58 419-837 455792 <01 <01 the same range of magnitude as the
0.8-8 22.3-35.7 60.8-83.5 <0.1 <0.1 natural ones, showing that the con-
centrations of nitrate and electron
Sahnit Salinity Salinity Salinity
alinity 372 377 382 387 37.7 382 7
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Fig. 2. Temperature (n} and salinity (X) profiles at Stns M1 to M7 of the Marseilles transect



Michotey & Bonin: Anaerobic bacterial processes in the water column 51

donor were not the limiting factors for 300

this process in the upper layer (Fig. 4). o 250

This suggests that if denitrifying bacteria T 200

were present they either occurred in '? 150 S

small quantities or were not active. The TS 100

activities were, however, very low. 50 ’_I § § ﬁ

In contrast, the addition of nitrate and 0 I | J | J | |

electron donor resulted in an increase of 25m 65m  45m 615m 30m 60m i50m 40m 620m

M1 station M3 station M5 station M7 station

the potential DAP activity, which then
became the main process (Fig. 4). This
activity was only found within large par-
ticles (>8 pm) and in the upper water
layer, as was observed previously for the
natural activity. In water samples col-
lected with a Niskin bottle, we never
observed DAP activity.

For the other cruises, particles were not separated
according to size.

Picnic and Mikel cruises (Table 3)

We investigated both denitrification and DAP activ-
ity on the Nice transect through the North Mediter-
ranean Current (NMC) during the 2 periods of the year
corresponding to its maximum flow. Two stations were
sampled: N1, which is under coastal influence, and N2,
which is an open sea station.

Comparison between results from the Pauline and
Picnic cruises showed strniking differences regarding
the intensity and the distribution of denitrification and
DAP activities. The natural denitrifying activities
ranged from 1.8 to 44.8 nmol 1I"! d"! and were lower
than those recorded from the Pauline cruise (Table 2)

NOx concentration NOx concentration
0 2 4 6 8 0 2 4 6 8
01 +———+ ) o
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Fig. 3. Denitrifying and nitrate ammonifying (DAP) natural activities {(mean
values) in particles of different sizes at Stns M1, M3, M5 and M7 of the Mar-
seilles transect. White bars: denitrifying activity in large particles (>8 umy};
hatched bars: denitrifying activity in small particles (0.8-8 pm); grey bars:
100-fold DAP activity in large particles (>8 pm); DAP activity could not be
detected in small particles. Activities expressed in nmol 1! d™!

despite higher nitrate concentrations. The potential
activities were 3- to 230-fold higher than the natural
activities. For Stns N1 and N2, the natural activities
decreased with depth whereas potential activities
were maximum at the intermediate level (140 m) for
Stn N1 and increased with depth for Stn N2.

For DAP activity, the natural rates ranged from 0 to
11.2 nmol I"" d-! and were higher than those observed
for the Pauline cruise (0.9 nmol I"! d°!). Natural DAP
rates increased with depth for both stations. The
potential DAP activities were maximum at the interme-
diate level for Stn N1 and decreased with depth for
Stn N2.

During the Mikel cruise, activities were measured
only at Stn N1. Denitrification was of the same order of
magnitude as that observed for the Pauline cruise
which was carried out in the same season (autumn),
and was higher than that recorded for the Picnic cruise

NOx concentration NOx concentration

0 2 4 6 8 0 2 4 6 8
0 0
100 100+
200 A 200
300 1 300+
400 4 400 4
500 S00 1
600 A 600 |
700 1 700 4
800 800 +
900 900 1
1000 ; —_—t 10001
0 200 400 600 0 200 400 600
Activity rate Activity rate
Station M5 Station M7

Fig. 4. Nitrate and nitrite profiles and potential denitrifying and DAP activities at Stns M1, M3, M5 and M7 of the Marseilles tran-
sect. (O) 10-fold nitrite concentration; (®) nitrate concentration; white bars: potential denitrifying activity in particles (>0.8 pm);
grey bars: potential DAP activity in particles (>0.8 um). Concentrations expressed in umol I"!; activities expressed in nmol I"! d°!
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Table 3. Natural and potential denitritying and nitrate ammonifying activities
(DAP) 1n the Nice transect (Stns N1 and N2) of the Picnic (P) and the Mikel (M)
cruises. Minimum and maximum values shown for each sample. Values (initial
linear rate of N,O accumulation) were calculated from data (N,O quantities)
measured after 0, 1, 3, 5, 10 and 24 h of incubation. na: not available

tence of a gradient in total mass fluxes
which appears to be related to the
trophic level (Heussner et al. 1995):
there is a west-east decrease of the
total mass fluxes at the scale of the

Table 4. Natural and potential denitrifying and nitrate ammonifying (DAP)
activities (nmol 1"! d7!} in the Gulf of Lions (Euromarge cruise). Minimal and
maximum values shown for each sample. Values (linear initial rate of N,O accu-
mulation) were calculated from data (N,O quantities) measured after 0, 1, 3, 5,

10 and 24 h of incubation

Stn  Depth NO;, Denitrification rates DAP rates Medlterraneap Basmv which - corre-

(m)  (umol 1Y Natural Potential ~ Natural Potential sponds to the increase in the degree of
oligotrophy. Heussner et al. (1995)

P-N1 140 4.74 109-15.7 2853-3694 <0.1 14.5-33.9 have reported that the mass fluxes,
@0 5w 1453 Emods SOl U107 | giusaged ver o6 mosummer pard

- B s ' S were about 110 and 1080 mg m™* d-!

P-N2 100 6.43 32.1-44.8 103.8-149.4 05-0.6 42.7-62.7 f tati 1 ted ¢ t f
250 6.25 1.8-27  134.6-190.2 3.9-7.5 na or stations located on transects o

400 6.61 36-7.4  256.8-369.5 85-11.2 156-43.2 Marseilles and Banyuls, respectively.

M-N1 100 1.28 19.4-33.5 185.9-223.6 0.8-0.9 110.6-149.2 In a water column that is generally

300 4.75 115.4-153.6 232.7-306.1 3.1-4.0 108.6-137.6 oligotrophic, particulate matter con-

700 6.44 84.6-113.1 273.8-3433 26-43 na taining sources of organic carbon pro-

vides a more favorable environment

for microbial life (Cammen & Walker
1982, Koike et al. 1990). Furthermore,
in a water column that is generally
oxygenated, particles may provide
microniches for a wide variety of
metabolic processes, even anaerobic

(spring). Natural DAP measured for the Mikel cruise
increased with depth, whereas the potential DAP
showed little variation.

During the Euromarge cruise (Table 4), stations were
sampled all over the northwestern part of the Mediter-
ranean Sea in order to obtain an overview of the sum-
mer situation. Samples were taken at depths corre-
sponding to the chlorophyll peaks. At these depths,
nitrate concentration was very low except for Stn B2
where it reached 2.09 mM.

Natural denitrification rates were below the detec-
tion level for all the sampled stations. The potential
rates were low (21.7 to 43.3 nmol I"! d°'} and could be
detected only at Stns B2 and S2. Natural and potential
DAP activities could be detected only at Stn S2 and
were of similar intensity.

DISCUSSION

The Mediterranean Sea is characterized by an oligo-
trophic pattern increasing from west to east and
approximately from north to south (McGill 1965). Dur-
rieu de Mandron et al. (1990) have reported the exis-

Stn Depth NO, Denitrification rates DAP rates ones (Bianchi et al. 1992). In conse-
{m) (umol | 1) Natural Potential ~ Natural Potential quence, bacteria that are associated

B5 40 0.01 <5 < <01 <01 with particleg .although 'minirr_la} »in
B2 60 209 <2 26.07-43 .3 <01 <0.1 number, exhibit metabolic activities
S22 70 0.63 <2 21.7-27.2  05-09  08-12 that have a great impact on the min-
M1 50 1.23 <2 <2 <0.1 <0.1 eral cycle of the water columns; this is
especially so for activities that affect

the nitrogen cycle (Tyrell & Law 1997).

Location of activities

The main hydrostatic motor in the studied area is the
NMC. Conan (1996) has calculated that the annual flux
of nitrate (0 to 200 m depth) of the NMC is around 3.1 x
10° t yr'! compared to 3.5 x 10° t yr'! for the Rhone
River inputs. Nitrate and water fluxes varied with the
same pattern. In July, nitrate fluxes were near zero.
They increased from July to late autumn when they
reached 4 g N-NO;y™ I'! 57! and remained at this level
until the spring. The NMC presents seasonal variations
with 2 velocity maxima: at the beginning and at the
end of the winter season (November/December and
April/May) (Conan & Millot 1995). In summer, its
speed is at a minimum. Its location also varies accord-
ing to the period of the year. In late autumn (Novem-
ber), the NMC has an inshore position (30 km from
land) that corresponds, for example, to a position
between Stns M3 and M5 on the Marseilles transect
(Conan & Millot 1995). The current has a width of 30 to
40 km and involves a water mass of 400 to 500 m depth.
In summer the NMC runs offshore (about 50 to 60 km
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from landj, is wider and shallower (200 m) and the
velocity is drastically reduced (down to 20 or 10 cm s™}).
All stations sampled in all cruises are potentially
exposed to this geostrophic current.

For the Pauline cruise, the maximum natural denitri-
fication activity was found at Stn M5, which is close to
the core of the NMC at the period of the year when we
sampled it (Conan 1996). Furthermore, it seems that
denitrifying activity was associated with small and
large particles, in contrast to DAP, which was associ-
ated with large particles only. Depending on the
dynamics of large particles, DAP will be found at dif-
ferent depths. For the Pauline cruise, it was located
only in the upper level, which is characterized by
warmer, less saline water compared to the deeper
water (S 37.5 to 38, temp. ca 17.5°C vs S 38.5%., temp.
ca 13°C). In contrast, for the Picnic and Mikel cruises,
this activity was found throughout the water column.
In these cases, the presence of large particles through-
out the water column could explain the location where
ammonifying activity was expressed. In this area and
during the Picnic period, the NMC is very turbulent
and unstable and causes the superimposition of differ-
ent water layers (Millot 1990, Conan & Millot 1995).
This phenomenon is also evidenced by an increase and
decrease of the load of large particles (Gorsky et al.
1991). In fact a model of the behavior of particles on the
same transect has shown that this sampling period
(beginning at the transition period between bloom and
oligotrophy) corresponds to an exportation time of
large particles (Levy et al. 1997). This might also be the
case for the Mikel cruise period, which corresponds,
according to the same model, to a secondary bloom
that is responsible for an export of phytoplankton cells
through mixing processes.

In July, during the Euromarge cruise, the meteoro-
logical and hydrological conditions were typical of the
relatively stable conditions found in this area during
the summer: the NMC becomes wider and shallower,
flows further offshore and becomes less susceptible to
mesoscale variability such as meandering or internal
waves. A similar pattern in the summer water structure
occurs around the Balearic Islands (Font et al. 1988).
The various stations differ in their water dynamics. The
Banyuls transect has been shown to be under the influ-
ence of Rhone River input (Durrieu de Mandron et al.
1990). This could explain the higher nitrate concentra-
tion at Stn B2 (2.09 mM). During the sampling period
the occurrence of both activities associated with the
chlorophyll peak was investigated. Potential denitrifi-
cation activity could be found only at coastal stations
(B2 and S2) and DAP activity only at Stn S2. These
results indicate that there was not a close relationship
between the chlorophyll peaks and the occurrence of
the 2 nitrate dissimilatory processes.

In the present study, the results of 4 cruises show that
the location of denitrification activity in the Mediter-
ranean Sea presents unusual features. This activity
was found throughout the water column in almost
every sampled station in the northwestern Mediter-
ranean. In contrast, in the Baltic Sea (Brettar & Rhein-
heimer 1991) and the Arabian Sea (Naqvi et al. 1993)
denitrification activity has been detected only in the
minimum oxygen zone.

Intensity of activities

Our results indicate that denitrification and DAP
activities are extremely weak in the open sea and
can hardly be detected without first concentrating the
samples.

Denitrification

Maximum natural denitrification rates were ob-
served in autumn for the Pauline and Mikel cruises
(234.5 and 153.6 nmol I"! d! respectively). They were
within the same range as that recorded in the Baltic
Sea {110 to 140 nmol 1I"! d°') (Brettar & Rheinheimer
1991) and the Arabian Sea (90 to 110 nmol 1! d™h)
(Naqvi et al. 1993). This activity was, however, lower
than that observed in sediment (ranging from 50 to
284 pumol I"! d°') (Raymond et al. 1992, Omnes 1996,
Gilbert et al. 1997) or in the Rhone River plume (1 to
4.3 pmol I'! d°') (Omnes et al. 1996). In autumn, the
natural and the potential denitrifying activities were of
the same order of magnitude (for Stns M3, M5 and M7
the 2 activities were very similar) showing that the con-
centration of nitrate and electron donor was not the
limiting factor for this process.

In spring, denitrifying activities were probably lim-
ited by the electron donors because potential activities
and nitrate concentrations were within the same range
as those observed in autumn.

Minimum denitrification rates were observed in July
during the Euromarge cruise. During this period,
nitrate concentrations were in the oligotrophic range
for all sampled transects: Banyuls, Baleares and Mar-
seilles. Denitrifying activity was below detectable val-
ues or just above. For Stns B5 and M1, the lack of activ-
ities was due to the lack of enzymes, since no potential
activity was observed for these stations. In contrast, for
Stns B2 and S2, potential denitrifying activities were
observed but it may be noted that these were 15-fold
lower than the activity obtained for Stn N1 (420 m) dur-
ing the Picnic cruise. This result demonstrates that the
small quantity of functional enzymes in the samples
was probably due to the oligotrophic concentration of



54 Mar Ecol Prog Ser 160: 47-56, 1997

nitrate. If denitrifying bacteria were present, they were
not active, meaning that the associated enzymes were
not present at the sampling time.

Nitrate ammonification

Natural DAP activity was very weak in the water col-
umn. The maximum natural activity was found for the
Picnic cruise (11.2 nmol 1"' d"!) and is 2 x 10% to 2 x 10°
fold lower than that found in marine sediments (for
review, see Gilbert et al. 1997). In contrast to denitrifi-
cation, a seasonal pattern cannot be seen for DAP
activity. For the Pauline samples, the addition of nitrate
and an electron donor resulted in an increase of the
potential DAP that became the main process. This
result indicates that the weak natural DAP activity is
limited by the amount of substrate. Except for Stn S2
during the Euromarge cruise, whenever potential DAP
could be detected, it was always much higher than the
natural rate. This result shows that, although nitrate-
ammonifying bacteria might be present, their activity
was usually limited by the lack of substrates.

Competition for nitrate use

The concentration of pigment was higher during the
Picnic cruise than during the Pauline cruise (0.24 to
0.64 ug chlorophyll 17! vs 0.07 to 0.20 pg chlorophyll
1I"Y). Below 60 m for Pauline and 100 m for Picnic, the
pigments were undetectable (Iriberri 1995). During the
Euromarge cruise the concentration of pigment was
the highest (76 pg chlorophyll I-! at Stn B5) (Bianchi et
al. 1996). We can see that the higher concentration of
chlorophyll corresponds to the lower dissimilatory
nitrate reduction rates. This suggests a competition
between nitrate-dissimilatory reducers and nitrate-
assimilatory reducers in the photic zone.

Denitrification and nitrate ammonification are com-
petitive bacterial processes. They occur in the same
environmental conditions and compete for substrates
(Tiedje et al. 1982, Omnes 1996, Gilbert et al. 1997}.
Studies on sediments have shown that DAP was maxi-
mum during summer whereas denitrification was max-
imum during winter (Jergensen & Serensen 1988,
Omnes 1996, Gilbert et al. 1997). This phenomenon
may be due to the variation of the bacterial community
in relation with temperature. Ogilvie et al. (1997) sug-
gest that at low temperature (<12°C) denitrifying bac-
teria predominate in estuarine sediments because of
their ability to scavenge limited concentrations of
nitrate, whereas nitrate ammonifiers are better com-
petitors for nitrate at higher summer temperatures
(»12°C). Our results show that in particulate matter in

the northwest Mediterranean, the 2 processes did not
present the same seasonal patterns as those described
for sediments. Whatever the period of the year, natural
denitrification was the main process. In a few cases,
the natural DAP rate was equal to the denitrification
rate. This phenomenon cannot be explained by tem-
perature since, in the Mediterranean Sea, it is always
higher than 12°C. In vitro studies have shown that
depending on the nature of the (carbon) substrates, the
one or the other process is favored (Bonin 1996). Com-
petition for substrates is hard to elucidate in the water
column ecosystem since natural nitrate ammonifica-
tion rates are often below the detection limit. We have
therefore focused our attention on Picnic cruise results,
for which DAP activity could be measured at almost
every sampled depth.

During this cruise, hydrological data showed that
there was vertical mixing as described by Levy et al.
(1997). The sampling period {Apnl) corresponded to
maximum fluxes (ammonium utilization by bacteria
and phytoplankton, zooplankton activity, DOM assim-
ilation, bacteria grazing) and a maximum fecal pellet
production and high detritus export (Levy et al. 1997).
Several studies have shown that degradation of fecal
pellets is rapid (Andrews et al. 1984}, suggesting that
particle composition might vary with depth. Regard-
ing the activities, it will be noted that the natural den-
itrification and DAP rates varied inversely to each
other with changing depth. Whenever the dentitrifica-
tion rate decreased with depth (N1), ammonification
rate increased and vice versa. This phenomenon does
not result from a difference in density of functional
bacteria, since the potential activities did not vary
with the same pattern as the natural activities. Nor
can the nitrate concentration account for this phenom-
enon, because it showed little variation. In conse-
quence, microbial processes that take place in parti-
cles seem to be closely related not only to the
availability of the electron acceptor but also to the
quality and quantity of the organic carbon sources
(electron donors). Depending on their chemical com-
position, the one or the other process could be
favored. It has been suggested that bacteria such as
Pseudomonas spp. that show an oxidative metabolism
are responsible for denitrification activities, whereas
bacteria such as Vibrio spp. that have a predomi-
nantly fermentative type of metabolism are responsi-
ble for DAP activity (Herbert & Nedwell 1990). During
the sinking of the particles, the metabolism of micro-
organisms might alter the chemical constitution of
particles, which in turn leads to changes in the bacte-
rial processes taking place in the particles.

In conclusion, except in summer, a weak but almost
constant expression of denitrification and nitrate
ammonification in the water column was found during
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this study. Associated bacteria are located in particles
and their activities are often limited by the electron
donor Our results in the Mediterranean Sea confirm
those of Brettar & Rheinheimer (1992) that show the
influence of carbon availability on denitrification in the
Baltic Sea. The present work has also shed light on the
influence of the electron donor on the competition
between denitrification and nitrate ammonification in
the water column. Rates of dissimilatory reduction of
nitrate have been overlooked in the past in oceanic
budgets. Both processes, together with the availability
of electron donors and acceptors, should be taken into
account in the calculation of nitrogen fluxes.

Acknowledgements. We thank the crew of the RVs 'Georges
Petit’, ‘Le Suroit’ and "Thetys II' for their help during work at
sea, as well as N. Garcia and D. Raphel for technical assis-
tance; M. Blanchi was cruise leader of the Pauline and Picnic
cruises; X. Durrieu de Madron was cruise leader of the Euro-
marge cruise. CTD measurements were carried out by M.
Picheral and G. Gorsky for specific EMPS cruises and by X.
Durrieu de Madron for the Euromarge cruise. M. Picheral and
G. Gorsky recorded suspended particles. Chlorophyll mea-
surements were performed by J. Iriberri (EMPS) and by
Bianchi and co-workers (Euromarge). This work has been
undertaken in the framework of the Mediterranean Targeted
Project (MTP}-EMPS (European Microbiology of Particulate
Systems) project (scientific coordinator- M. Bianchi). We
acknowledge support from the European Commission Marine
Science Technology (MAST) Program under contract MAS2-
CT94-0090. We are grateful to M. Paul for his careful reading.

LITERATURE CITED

Alldredge AL, Cole JJ, Caron DA (1986) Production of hetero-
trophic bacteria inhabiting macroscopic organic aggre-
gates (marine snow) from surface water. Limnol Oceanogr
31:68-78

Alldredge AL, Gottschalk CC (1989) Direct observations of
the mass flocculation of diatoms blooms: characteristics,
settling velocities and formation of diatoms aggregates.
Deep Sea Res 36:159-171

Andrews CC, Karl DM, Small LF, Fowler SW (1984) Metabolic
activity and bioluminescence of oceanic faecal pellets and
sediment trap particles. Nature 37:539-540

Bianchi M, Fosset C, Conan P (1996) Nitrification rates in the
NW Mediterranean sea from April to July 1995. In: Bianchi
M (ed) Mediterranean Targeted Project, European Micro-
biology of Particulate Systems (EMPS), Final Report 1996,
Part 2, Scientific and Technical Report, Participant no. 1

Bianchi M, Marty D, Teyssié JL, Fowler SW {1992} Strictly
aerobic and anaerobic bacteria associated with sinking
particulate matter and zooplankton fecal pellets. Mar Ecol
Prog Ser 88:55-60

Bonin P (1996) Anaerobic nitrate reduction to ammonium in
two strains isolated from coastal marine sediment: a dis-
similatory pathway. FEMS Microbiol Ecol 19:27-38

Bonin P, Gilewicz M, Bertrand JC (1987) Denitrification by a
marine bacterium Pseudomonas nautica 617. Annls Inst
Pasteur Microbiol 138:371-383

Brettar I, Rheinheimer G (1991) Denitrification in the Central
Baltic: evidence for H,S-oxidation as motor of denitrifica-

tion at the oxic-anoxic interface. Mar Ecol Prog Ser 77:
157-169

Brettar I, Rheinheimer G (1992) Influence of carbon availabil-
ity on denitrification in the central Baltic Sea. Limnol
Oceanogr 37:1146-1163

Cammen LM, Walker JA (1982) Distribution and activity of
attached and free-living suspended bacteria in the bay of
Fundy. Can J Fish Aquat Sci 39:1655-1663

Chan YK, Knowles R (1979) Measurement of denitrification in
two freshwater sediments by an in situ acetylene inhibi-
tion method. Appl Environ Microbiol 37:1067-1072

Conan P (1996) Variabilité et bilan de la production primaire
en zone cotiére (Méditerranée Nord occidentale; entrée
du golfe du Lion) en relation avec les systémes biologique,
chimique et hydrodynamique (courant Nord Mediter-
ranéen). Thése, Université d'Aix-Marseille II, ANRT-
Grenoble 96/A1x2

Conan P, Millot C (1995) Variability of the northern current off
Marseilles, western Mediterranean Sea from February to
June 1992. Oceanol Acta 18:193-25

Durrieu de Mandron X, Nyffeler F, Godet CH (1990) Hydro-
graphic structure and nepheloid spatial distribution in the
Gulf of Lions margin. Cont Shelf Res 10:917-929

Font J, Salat J, Tintore J {1988) Permanent features of the cir-
culation of the Catalan Sea. In: Minas HJ, Nival P (eds)
Océanographie pélagique Méditeranéenne. Oceanol Acta
9:51-57

Gilbert F, Souchu P, Bianchi M, Bonin P (1997) Influence of
shellfish farming activities on nitrification, nitrate reduc-
tion to ammonium and denitrification at the water-sedi-
ment interface of the Thau lagoon, France. Mar Ecol Prog
Ser 151:143-153

Gorsky G, Aldorf C, Picheral M, Kage M, Garcia Y, Favole J
(1992) Vertical distribution of suspended aggregates
determined by a new underwater video profiler. Annls
Inst Oceanogr Paris 68:275-280

Gorsky G, Lins da Silva N, Dallot S, Laval P, Braconnot JC,
Prieur L (1991} Midwater tunicates: are they related to the
permanent front of the Ligurian Sea (NW Mediterranean)?
Mar Ecol Prog Ser 74:195-204

Herbert RA, Nedwell DB (1990) Role of environmental factors
in regulating nitrate respiration in intertidal sediments. In:
Revsbech NP, Serensen J (eds) Denitrification in soil and
sediment. Plenum Press, New York, p 77-90

Heussner S, Monaco A, Calafat A (1995) A coordinated trap
esperiment during MTP1: first results on particle fluxes at
the scale of the Northern Mediterranean. MTP News 3:
4-6

Iriberri J (1995) Determination of relationship between parti-
cles and bacterial metabolic activities. In: Bianchi M (ed)
Mediterranean Targeted Project, European Microbiology
of Particulate Systems (EMPS}, Annual Report 1995, Con-
tribution no. 5

Jorgensen KS, Serensen J (1988) Two annual maxima of
nitrate reduction and denitrification in estuarine sediment
(Norsminde Fjord, Denmark). Mar Ecol Prog Ser 48:
147-154

Koike [, Hara S, Terauchi K, Kogure K (1990} Role of sub-
micrometer particles in the ocean. Nature 345:242-244

Levy M, Mémery L, André JM (1997) Simulation of primary
production and export fluxes in the NW Mediterranean
sea. J Mar Res (in press)

McAullife L (1971) GC determination of solutes by multiple
phase equilibration. Chem Tech 1:46-51

McGill DA (1965) The relative supplies of phosphate, nitrate
and silice in the Mediterranean sea. Rapp PV Réun Cons
Int Explor Mer 18:737-744



56 Mar Ecol Prog Ser 160: 47-56, 1997

Millot C (1990) The Gulf of Lion's hydrodynamics. Cont Shelf
Res 10:885-894

Naqvi SWA, Kumar MD, Narvekar PV, De Sousa SN, George
MD, D'Silva C (1993) An intermediate layer associated with
high microbial metabolic rates and denitrification in the
Northwestern Indian Ocean. J Geophys Res 98:469-479

Ogilvie BG, Rutter M, Nedwell DB (1997) Selection by tem-
perature of nitrate reducing bacteria from estuarine sedi-
ments: species composition and competition for nitrate.
FEMS Microbiol Ecol 23:11-22

Omnes P (1996) Mise en evidence de la voie de réduction dis-
similatrice du nitrate en ammonium. Application in situ
aux systémes particulaires et sédimentaires en Meéditer-
ranée. These, Université d'Aix-Marseille 1II, ANRT-Greno-
ble 96/Aix2

Omnes P, Slavyk G, Garcia N, Bonin P (1996) Evidence of
denitrification and nitrate ammonification in the River
Rhone plume (northwestern Mediterranean Sea). Mar
Ecol Prog Ser 141:275-281

Poulicek M (1996} Test of the scan electron microscopy
method for quantitative observations. In: Bianchi M (ed)
Mediterrancan Targeted Project, European Microbiology

Editorial responsibility: Otto Kinne (Editor),
Oldendorf/Luhe, Germany

of Particulate Systems (EMPS), Final Report 1996, Part 2,
Scientific and l'echnical Report, Participant no. 2

Raymond N, Bonin P, Bertrand JC (1992) Companson of
methods for measuring denitrifying activity in marine sed-
unents from the western Mediterranean coast. Oceanol
Acta 15:137-143

Tiedje JM, Sextone AJ, Myrold DD, Robinson JA (1982) De-
nitrification: ecological niches, competition and survival.
Antonie Leeuwenhoek 48:569-583

Tiedje JM, Sinkins S, Groffman PM (1989) Perspectives on
measurement of denitrification in the fields including
recommended protocols for acetylene based methods.
Plant Soil 115:261-284

Tiedje JM (1988) Ecology of denitrification and dissimilatory
nitrate reduction to ammonium. In: Zehnder AJB (ed) Biol-
ogy of anaerobic microorganisms. John Wiley and Sons,
New York, p 179-244

Tréguer P, Lecorre P (1975) Manuel d'analyse des sels nutri-
tifs dans l'eau de mer Laboratoire d'Océanologie chim-
ique, Université de Bretagne Occidentale, Brest

Tyrell T, Law CS (1997) Low nitrate:phosphate ratios in the
global ocean. Nature 387:793-796

Submitted: July 25, 1997; Accepted: October 27, 1997
Proofs received from author(s): December 4, 1997





