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ABSTRACT: Nitrogen regeneration fluxes of ammonium (NH4+)and nitrate (NO3-)as well as losses of
dissolved organic nitrogen (DON) by phytoplankton were investigated over a 2 mo period (spring 1997)
in a NW coastal Mediterranean area (Gulf of Lions) using "N-tracer techniques. Profiles of dissolved
inorganic nitrogen (DIN) concentrations were almost uniform with values of 600, 150 and 35 nM for
NO3-, NOz- and NH4+,respectively, except at the end of the study period when the upper layer became
nitrogen-depleted (<50 nM down to 40 m). Chlorophyll (chl) distributions showed a surface maximum
(to 0.85 mg m-3) and a deep maximum (to 1.25 mg m-3) at 40 m. Plankton DIN utilization (net uptake)
was most of the time highest at the surface, with rates reaching 62 and 40 nM d-' for NH,' and NO3'.
respectively. However, a deepening (to 60 m) of maximum NO3- uptake rates with a corresponding
deepening of the nitracline sometimes occurred during the experiment. Therefore, f-ratio profiles
depicted maximum surface values (-0.40) at the beginning of the experiment and a deep maximum at
the end. NH,' regeneration rates were 1 order of magnitude higher (up to 220 nM d-') than nitrification
and DIN loss (as DON) rates, and could largely sustain more than 100% of the plankton NH,' demand.
Underestimation of NH,' uptake rates due to I5N isotope dilution had only a small effect on the f -ratio
calculation (overestimation <5%). Nitrification occurred from the surface (10 to 20 nM d-') down to the
base of the euphotic layer (30 nM d-l), and corresponded to 90% and >>loo% of the plankton NO3demand at the surface and in the nitrache, respectively. Consequently, a great part of NO3- uptake did
not correspond to new production and should be considered as regenerated production, particularly in
the NO,- depleted surface layer. Profiles of DIN loss (as DON) well paralleled those of DIN net uptake
with values highest at surface reachmg 35 and 14 nM d-* for NH,' and No3', respectively. DIN loss
rates represented on average -23% of gross DIN uptake (gross DIN uptake = DIN losses + DIN net
uptake) whatever the substrate was, indicating that (1) DIN loss (as DON) did not depend on the nitrogen source, and (2)DIN uptake was mostly due to phytoplankton and not to bacterioplankton, although
the study area tended to be globally nitrogen-depleted and based on regeneration. Failure to account
for DIN losses had no significant effect on the computation off -ratios.
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INTRODUCTION
The role of coastal zones in the global biogeochemical carbon cycle, and their potential behavior to be a
carbon source or sink, has been much debated by
researchers for several years (Walsh et al. 1981, Rowe
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et al. 1986, Smith & McKenzie 1991).Concepts of new
and regenerated production, derived from 15N-tracer
experiments (Dugdale & Goering 1967) and providing
a model of the relation between primary productivity
by phytoplankton communities and the 2 principal
modes of nitrogen supply to the euphotic layer, enable
us to know the potential role of coastal zones in the
global carbon cycle. New nitrogen, mainly in the form
of nitrate, is supplied by vertical transport driven by
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physical forcing mechanisms and supports new production. In contrast, regenerated nitrogen (ammonium,
dissolved organics) is produced in situ in the upper
layer by heterotrophic activities and fuels regenerated
production. Eppley & Peterson (1979) stated that global
new production approximates the sinking flux of particulate organic matter to the deep ocean and they
defined a f -ratio as being the part of new production in
the total nitrogen production. Thus, new production
and the f-ratio appear as indicators of the potential
export production to the deep ocean, i.e. of the potential sequestration of atmospheric carbon by the biogenic flux (Platt et al. 1991). Furthermore, a specific
feature of coastal environments is that nutrient recycling, and thus regenerated production, contributes to
a significant fraction of the primary productivity in the
euphotic layer (Eppley & Peterson 1979, Eppley et al.
1979). In this regard, to accurately assess new and
regenerated production, as well as the f-ratio, is of
great interest in characterizing the importance of
coastal environments in global biogeochemical cycles.
However, new findings on nitrogen regenerative
fluxes and dissolved organic nitrogen (DON) release
processes have shown that the new production concept has to be reevaluated (Bronk et al. 1994). For
example, it has been recently recognized that failure
to account for dissolved inorganic nitrogen (DIN)
taken up by phytoplankton and released as DON
results in an underestimate of DIN gross uptake rates
(Bronk et al. 1994, Bronk & Glibert 1991, Slawyk &
Raimbault 1995). The f -ratios obtained from conventional net nitrogen uptake rates are likely to be at
odds with those made with gross uptake rates corrected for DON production. In addition, Glibert et al.
(1982), Harrison (1983) and Harrison et al. (1987) have
shown that in the case of ammonium isotope dilution
(recycling of unlabeled substrate) can result in a significant underestimation of uptake rates and may consequently bias the assessment of f -ratios. Another important finding deals with the magnitude of the
nitrification process in the euphotic layer. This microbial process (oxidation of ammonium to nitrate mediated by nitrifying bacteria) appears to be a key factor
to consider in biogeochemical studies of marine primary productivity as well as nitrogen and carbon
cycling (Ward 1986, Dore & Karl 1996). If nitrification
activity is important in the euphotic layer, this process
is a source of in situ regenerated nitrate and can lead
to an overestimation of new production and of the f ratio when using net nitrate uptake rates obtained
with the I5N-tracer technique (Priscu & Downes 1985,
Ward et al. 1989, Gentilhomme & Raimbault 1994,
Raimbault et al. 1999) since a fraction of the nitrate
taken up is acluaily regenerated rather than new
nitrogen (Eppley & Renger 1986).

Estimations of nitrogen regeneration (both ammonium and nitrate) fluxes as well as of DIN loss (as DON)
by phytoplankton are of great interest in the NW
Mediterranean basin since (1) DON release has not
yet been investigated; (2) only few studies have been
done on ammonium regeneration (Selmer et al. 1993,
Gentilhomme & Raimbault 1994) and nitrification
(Feliatra & Bianchi 1993, Bianchi et al. 1994) in spite of
their potential role in the nitrogen budget; (3) the
f-ratio and new production so far have not been
directly measured using the I5N tracer, but were only
estimated from nutrient consumption and changes in
O2 and CO2 fields (Coste et al. 1972, Minas & Bonin
1988, Minas & Codispoti 1993).
The main objectives of this study were to investigate
the euphotic layer distribution and the magnitude of
regenerative fluxes and losses of DIN (ammonium and
nitrate) as DON ('DON release') in a coastal area of the
NW Mediterranean Sea and to assess their potential
role in the determination of new production.

MATERIALS AND METHODS

This work was carried out during the High Frequency Flux [HFF) experiment from March to May
1997 in the framework of the European Metro-Med
and French PNOC (Programme National dlOceanographie C6tiere) programs. Hydrological measurements and productivity experiments were conducted
during 5 daily cruises (HFF2 to HFF,, Table 1; HFF,
was not sampled due to bad weather conditions) at 1
station close to a coastal area of the NW Mediterranean Sea (Fig. 1). In this area, hydrodynamics are
dominated by the presence of the oligotrophic Modified Atlantic Water (MAW) (Lefevre et al. 1997, Diaz et
al. in press) from the North Mediterranean Current
(hlillot 1990) flowing along the continental slope. In
the northern part, Coastal Water (CW) is influenced by
the Rhone River inputs (Fig. 1).
Sampling. Water samples were collected at 8 standard depths (5, 10, 20,40, 60, 80, 100 and 165 m ) , using
a CTDO rosette system with 8 1 Niskin bottles. Profiles
of photosynthetically available radiation (PAR) were
obtained wlth an irradiance profiling sensor (QSP200L, Biospherical Instrumentsm Inc.) fixed on the
CTDO rosette system. Hydrological measurements
were done with a conductivity-temperature-depthoxygen profiling system (CTDO Seabird, model 91 l + ) .
Nutrient analysis and chl blomass. Samples for
ambient nitrite (NO2-) and nitrate (NO3-) concentrations were collected at each depth, in polyethylene flasks and immediately poisoned with HgC12
(20 1.19 ml-l, krkwood 1992) after sampling and stored
at 5°C until analysis (1 d later). The samples were then
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Table 1. Euphotic zone (5to 60 m) depth-integrated rates of gross (pg)and net (p) nitrogen uptake (NO3-and NH,') and nitrification. Values were calculated by trapezoidal integration. nd: not determined
Cruise

Date
(1997)

P@OJ

P NO^

Pg~l.4

PNH~

Nitrification

(mm01m-2 d-l)
HFF,
HFFz
HFF3
HFF4
HFF5
HFFb

Mar 16
Mar 23
Apr 7
Apr l4
Apr 24
May 2

nd
0.87
1.47
0.77

0.78
1.35

nd
0.26
0.47
0.18
0.26
0.33

nd
1.65
3.51
3.59
1.82
3.79

nd
0.54
1.44
0.89
0.42
0.96

nd

1.15
0.96
0 67
1.13
1.08

and immediately filtered on board onto baked (450°C
for 24 h) Whatman GF/F filters (25 mm in diameter)
and stored in the dark at -20°C. Chl concentrations
were determined by fluorimetry (fluorometer Turner
Designe, model 10.005R) by using the methanol extraction procedure (Raimbault et al. 1988).
Nitrogen flux experiments. The I5N-tracer method
was used to measure inorganic nitrogen uptake
(Dugdale & Goering 1967) and regenerative flwes of
NH4+(GLibert et al. 1982) and NO3(Slawyk & Rairnbault 1995).Samples
3 00 E
3 30 E
4 00 E
4 30 E
5 00 E
5 3 0 ~
6 00 E
were collected between 5 and 60 m
depth, in acid-cleaned 1.2 1 polycarbonate (PC) bottles (Nalgene) and
spiked with I5NH4CI or NaI5NO3
(99.9 atom% I5N).Since initial NO3and NH4+ concentrations were not
immediately determined on board,
167 nM of I5NH4+and 86 nM of
''NO3- were added as a tracer leading to 15N enrichments ranging from
3.4 to 99.5 % and from 28.1 to 99.6 %
of the corresponding ambient concentrations, respectively. The potential effect (enhancement) on uptake
rates due to such tracer additions
(Harrison et al. 1996) is discussed
below. The 5, 20, 40 and 60 m samples were incubated under in situ
simulated light conditions for 24 h at
50, 2 5 , 8 and l % of surface light penetration, respectively, using a deck
incubator cooled with sea surface
water. At the end of the incubation,
100 and 20 m1 (for NH4+and NO3-,
respectively) were withdrawn from
the inoculation bottles in order to
Fig. 1. Station location during the High Frequency Flux (HFF) experiment in the
measure final NH4+ and NO3- conGulf of Lions and in the NW Mediterranean basin. Schematic view of the Gulf of
centrations, since filtrationcould not
Lions hydrodynamics (adapted from Millot 1990,Lefevre et al. 1997):the Rhone
be
performed On
River plume (RP), dilution area of the plume, Coastal Water (CW), and general
samples
were
poisoned
with HgC12
circulation of Modified Atlantic Water (MAW) from the North Mediterranean
Current (NMC) following the continental slope southwestward
(20 pg ml-') and kept in the dark at
processed at laboratory using a Technicon AutoAnalysermI1 (precision: +25 nM) according to working
procedures of Treguer & Le Corre (1975). Samples for
ambient ammonium (NH4+)concentrations were collected in glass flasks. The reagents according to the
Koroleff (1969) method were immediately added to the
samples and concentrations were then measured manually at the laboratory 24 h later (precision: *30 nM).
Samples for chl (250 rnl) were collected at each depth
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ambient temperature until laboratory treatment (12 to
24 h later).
To check for the potential effect of HgC12 poisoning
and sample storage on measurements of DIN uptake
and losses as DON, the time course of particulate
organic nitrogen (PON) concentration and 15N enrichment in 3 samples (2 from the investigated area, 1 from
a n eutrophic lagoon) was followed for 48 h. All measurements were in triplicate. No significant (p > 0.05)
alteration of the I5N content occurred throughout the
storage period (compared to a 'time zero' sample filtered immediately after poisoning). However small
losses of PON (<?%) were observed during the first
24 h.
At the laboratory, samples were gently vacuumfiltered (<l00 mm Hg) through baked glass-fiber filters (GF/F). The filters were dried at 69°C before
mass spectrometric analysis. The <GF/F filtrates were
directly collected in a screw-capped 500 m1 Pyrex bottle (Duran Schott) and used to determine 15N enrichment of DIN and total DON (i.e. DON + PON < GF/F)
according to the methods described in Slawyk & Raimbault (1995). In this procedure, all DIN forms (NO3and NH,') as well as DON are removed from the filtrate by successive diffusion and reduction processes
as ammonium sulfate appropriate for the mass spectrometric assay. An unlabeled DIN carrier (3 and 5 pM for
NH,' and NO3- respectively) was added to the filtrates
to provide sufficient nitrogen for the mass spectrometric analysis. For NH4+ filtrates, an intermediate
diffusion step was added in order to obtain the 15N
abundance in the (NO3- + NO2-) pool, i.e. to estimate
nitrification (here, oxidation steps from NH,' to NO2and from NO2- to No3-).Filters containing either PON
or ammonium sulfate from filtrates were analyzed for
I5N content using a continuous-flow method (Europa
Scientific) in which Dumas combustion (Roboprep-CN)
is linked on-line to a triple collector mass spectrometer
(Tracer mass) via a capillary interface based on the
design of Preston & Owens (1983). Mass-spectrometric
signals were used to determine "N abundance and
total nitrogen mass of samples.
Net DIN uptake rates were computed according to
Dugdale & Wilkerson (1986) from the equation:

where RpoN and RDINare the "N atom% excess enrichment in the PON and DIN pool respectively, and [PON]
the final PON concentration. T corresponds to the
incubation duration. The NH4+uptake rates were corrected for isotope dilution by using for RDiNin Eq. (1)
the mean value between initial and final enrichment in
A few samples (n = 8) were
the ammonium pool
simultaneously filtered onto 0.2 pm Anopore mem-

(L4).

branes. Net DIN uptake rates obtained from Anopore
membranes were not significantly higher (p > 0.10)
than those obtained from GF/F filters, thus demonstrating that the utilization of GF/F filters did not result
in an underestimation of net uptake in this coastal
area. Similar results have been previously reported
from the Equatorial Pacific (Raimbault et al. 1999).
During our study period, NO3- or NH4+ concentrations often were of the order of 10 to 50 nM, and it was
experimentally impossible to reduce the tracer addition to the ideal level ( < l 0% of ambient concentration,
Dugdale & Goering 1967). Furthermore, in 30 and 50%
of samples (for NO3- and NH4', respectively) concentrations were below the detection limit (<50 nM). Thus,
our tracer additions to such low NO3- and NH4+samples may have involved a major perturbation of the
NO3- and NH4+uptake ( M e n et a!. 1996, Harriscr, et
al. 1996). As the main objective of this work was to
demonstrate the sensitivity of f -ratios to nitrogen
regeneration and to DIN loss, the primary estimators of
the f-ratios (i.e. the net nitrogen uptake rates) had to
be precisely measured. The use of nitrogen uptake
kinetic parameters described by Harrison et al. (1996)
allowed us to account for uptake rate enhancement
according to the following equation given by Rees et
al. (1999):

where N is NO3- or NH,', pNo is the original uptake
(nM d-l), pNH is the uptake rate adjusted for enhancement by tracer (nM d-'), N,,is ambient + tracer DIN
(nM), NA is ambient DIN, and K is the half-saturation
constant (25 nM). For 3 samples (HFF,), NH4+concentrations were undetectable (i.e. NA= 0). In this case, NA
was assumed to be 20 nM, the lowest concentration
measured during the experiment. We assumed that
DIN losses as DON were activated in the same way as
net uptake rates and we applied to the DIN loss rates
the same correction procedure as that performed for
the net uptake rates. This assumption was made according to depth profiles of DIN loss which closely paralleled those of net DIN uptake (see 'Results').
Ammonium regeneration rates (rNH4in nM-N d-l)
were calculated using the initial and final "NH,'
enrichment in the filtrate according to the equation of
Laws (1984).Nitrification rates (pNIT,in nM-N d-l) were
computed as follows (Raimbault et al. 1999):

where RNO3is the I5N atom% excess enrichment in the
NO< (+NOZ-)pool, RNH4is the mean I5N atom% excess

55

Diaz & Rairnbault: Nitrogen regeneration and DON release in the Gulf of Lions

enrichment of the NH,' pool, and [NO3] is the final
NO3- concentration (initial + carrier addition).
The measurement of 15N abundance in the extracellular DON pool (RDON)
allowed us to calculate the DIN
(NO3-or NH,') lost to the DON pool. The DIN loss rate
):;p:(
is given by the following equation (Slawyk et al.
1998):

where RDoNand R D I Nare the 15Natom% excess enrichment of the extracellular DON and DIN pool respectively, and where [DON] corresponds to the final extracellular DON concentration. Tis the incubation duration.
In addition to the classical f -ratio (f), defined as the
fraction of net NO3- uptake to total net DIN (NO3- +
NH,') uptake (Eppley & Peterson 19791, a gross f-ratio
Cf,) was computed from corresponding gross uptake
rates:

RESULTS

Hydrological structures
Vertical profiles of temperature (Fig. 2a) indicated a
weak stratification of the upper layer throughout the
experiment. On 4 of the 5 cruises, the mixed layer
reached -6 m thickness. During the last cruise (HFF6)
this stratification disappeared since temperature decreased regularly from 14.92"C at the surface to
14.1OoCat 60 m. During the first 2 cruises depth versus
salinity plots (Fig. 2b) revealed the presence of less
0
8 and 15 m)
salty coastal water (CW) ( ~ 3 7 . 7 between
at the surface. Below this thin layer, salinity values
were typical of the winter Modified Atlantic Water
(MAW) (Millot 1990). During the last 3 cruises the
warmer and more salty (>13.9OoC,>37.90) MAW was
predominant over the water column. PAR profiles indicated that the lower limit of the euphotic layer (taken
as 1% of PAR) was at 60 m throughout the experiment.

" , : :P
(for nitrate and ammonium) was obtained
where
from the expression in Slawyk et al. (1998):
,,gross

;+;p

=

DIN

The DIN depth profiles generally revealed a
(6)

No corrections could be made for the possible overestimation of f-ratios by not including urea uptake
(regenerated production) since this latter flux was not
measured.

(a)
13.00

Temperature ("C)
14.00
14.50

13.50

Inorganic nitrogen and chl distributions

severely nutrient-depleted upper layer except at the
beginning of the experiment (Fig. 3). During the first
2 cruises, No3- concentrations ranged from 500 to
750 nM and were relatively low for an early spring
period (Coste et al. 1972). Depth profiles of chl (Fig. 4)
showed typical patterns of late winter (surface maxi-

Salinity

(b)
15.00

37.60

37.80

38.00

38.20

Fig. 2. Depth profiles of (a) temperature and (b) salinity in the euphotic layer during the 5 cruises (HFF? to HFF6) of the HFF
experiment. HFF, was not sampled due to bad weather. Depth of euphotic layer -60 m
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mum, HFF?)and of early spring (high and uniform concentrations, HFF3).During the last 3 cruises, NO3-concentrations decreased abruptly (<50 nM) in the upper
layer down to 20 m (HFF,,5) and to 40 m (HFF6) with
a marked nitracline. Parallel to the deepening of the
nitracline, a marked deep chl maximum (DCM) was
then observed at 40 m. The NO3- exhausted layer was
always deeper than the mixed layer and the water
column was nutrient-stratified before being physically
stratified. The NO2- depth profiles showed high concentrations (>l40 nM) down to 100 m at the beginning
of the experiment (HFF2,3)and then decreased to
<60 nM during the following cr.uises. A slight NO2maximum could be observed and always began a few

HFF,
0

1000

NO;
2000

(nM)
3000

HFF,
4000

5000

0

meters beneath the top of the nitracline. NH,' concentrations were generally low (c70 nM) in the euphotic
layer (except during HFF3) and the depth profiles presented only small variability except during HFF3 (peak
of 260 nM at 40 m).

Inorganic nitrogen utilization

Net DIN uptake rates showed generally a surface
maximum, and then decreased with depth (Fig. 5a,b).
The maximum rates were always located at the same
depth (HFFZt3)or above the DCM (HFF4,5,6).
NH4+
uptake rates were generally highest at the surface and
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Fig.3 Depth profiles of N01,NOf
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of the 5 cruises (HFF2 to H%)
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Chl (mg mJ)
0

0.5

l

l.5

P
-U- HFFZ

Fig. 4. Depth profiles of chlorophyll biomass (CH)
for each of
the 5 cruises (HFF, to HFFs)

varied between 20 and 62 nM d-' depending on the
cruise. However, a subsurface maximum was seen at
40 m (HFF5)near the nitracline or at 20 m (HFF6)in the
NO3- exhausted layer, and NH,' uptake rates often
remained important until down to 40 m (>20 nM d-l).
In contrast, NO3- uptake rates seemed to be more light
dependent and decreased rapidly with depth (rates <
20 nM d-' from 40 m). Maximum rates were found at
the surface (-40 nM d-9 during HFF2,3and then paralleled the vertical distributions of NO3- concentrations
during the last cruises, during which a deepening of
the maximum NO3- uptake rate was observed following the nitracline deepening. According to these latter
distribution patterns, depth profiles of the f-ratio
(Fig. 6a) showed highest values (0.40) at the surface at
the beginning of the experiment (HFFZt3),
and then the
maximum (up to 0.70) successively deepened down to
60 m (HFF4,5)but went up again to 20 m during the last
cruise (HFF6).

Regenerative nitrogen fluxes
Ammonium regeneration (rNHq)depth profiles
(Fig. 5c) generally showed a maximum rate at the surface (50 to 220 nM d-') and were higher (up to double)
Then
in the CW (HFF,,,) than in the MAW (HFF4,5,s).
rates decreased with depth (c50 nM d-' at 60 m). However, a subsurface maximum (up to 170 nM d-') was
found (HFF4)at 20 m, corresponding to the lower limit
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of the NO3- exhausted layer. Maximum regeneration
was located within (or above) the DCM (Fig. 4) as for
stratified water column (Harrison et al. 1983). Uptake
rates ( U ) were compared with the regeneration rates
(R) in terms of an U : Rratio for NH4+.Depth profiles of
this ratio (Fig. 6b) did not show a marked pattern
throughout the experiment. U:Rratios were mostly < l ,
except in 1 case at the surface, indicating that regeneration could most of the time sustain much more than
100% (mean: 315%, range: 79 to 793%) of the NH4+
demand, thus explaining the significant NH,+ accumulation observed in the euphotic layer.
The vertical distribution of nitrification (Fig. 5d)
showed only small variability between the different
cruises, and rates were globally 1 order of magnitude
less than those of NH,' regeneration (Fig 5c). Depth
profiles revealed that nitrification occurred within the
whole euphotic layer: nitrification rates were stable (10
to 20 nM d-l) from the surface down to 40 m and significantly increased at the base of the euphotic layer
( l ?to 30 nM d-l). This pattern was slightly modified at
the surface during HFF,, with increasing rates in the
CW layer. NO3- uptake compared to nitrification in
terms of the U:R ratio generally dominated in the
upper layer; nitrification potentially sustained 88%
(range: 56 to 120%) of the phytoplankton NO3- demand. However, in the deep layer nitrification rates
were 2 to 1 1 times greater than corresponding NO3uptake rates (Fig. 6b).

DON release: DIN loss as DON
DIN loss rates as DON (Fig. 5e,f) decreased in most
cases with depth and were very low at the bottom of
the euphotic layer (for NO3- losses, particularly).
Depth profiles closely paralleled the DIN uptake profiles, indicating that the DON release process was
likely linked to autotrophic communities. Loss rates of
NO3- appeared to be much lower (max. 13 nM d-l)
and less variable than those of NH,+ (max. 35 nM
d-l). Maximum loss rates of I5NH4+occurred at the
end of the survey in the NO3- exhausted layer,
whereas those of No3- were highest at the beginning
in the upper No3- rich waters. Comparisons between
net and gross uptake rates (pp,) revealed a mean
ratio ranging between 0.70 and 0.80 depending on
the sampled depth (Fig. ?a). The ratio was relatively
uniform over the water column. However, the mean
losses of NO3- tended to decrease at the surface and
at the bottom of the euphotic layer, contrary to those
of NH,'. The standard deviation (SD) of p:pg increased with depth (+?% at 5 m and i 2 0 % at 60 m),
which may be partly explained by the very low uptake and loss rates (close to the limit of detection) at
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p,,,

: nitrification

Fig. 7 (a) Depth profiles of the net uptake:gross uptake ratio (p:pg). Values are means of 5 samples Horizontal bars represent
*SD. (b) Net uptake rates (p) versus gross uptake rates (p,) where A represents the slope obtained from a model I1 regression
analysis, and R2 is the percentage of variation of p explained by the model I1 regression. (c) Depth profiles of the net NH,'
uptake:nitrification ratio

depth. A plot of net uptake rate (p) versus gross
uptake rate (p,) (Fig. 7b) gave a slope of 0.7404 (95%
confidence interval, CI: [0.7399 to 0.74081) and of
0.7926 (95% CI: [0.7916 to 0.79361) for NH,' and
NO3- uptake experiments, respectively with an intercept close to zero (model 11, Sokal & Rohlf 1995). Both
slopes were statistically different from 1.0 ( p < 0.01)
but were not significantly (p > 0.50) different from
each other Thus, DIN losses were significant and
represented -23% of gross uptake during the 24 h
incubation experiments.

DISCUSSION

According to Dugdale & Wilkerson (1988),it may be
incorrect to use the concept of new and regenerated

production (sensu Dugdale & Goering 1967) in the
Mediterranean Sea since allochthonous nutrients from
rivers, land run-off and sewage plants deliver new
nitrogen in the form of nitrate and ammonium to the
marine system. In particular, inputs of ammonium by
terrestrial and Rhone River discharges must be considered as new nitrogen so that NH,+ uptake measured
may no longer be considered as regenerated production. However, in spite of these nutrient inputs, the
concept of new and regenerated production may still
apply to this marine coastal area for at least 2 reasons:
(1) hydrodynamics in the area are dominated by the
near-shore presence of oligotrophic MAW (i.e. open
ocean conditions] and (2) the influence of the Rhone
River plume is only weak [Fig. 1) especially for NH4+
(only 5 % of the total nitrogen discharge; Moutln et al.
1998).
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Nitrogen regeneration and new production
Our study showed that the regenerative nitrogen
fluxes are important during spring in the NW Mediterranean Sea. As previously observed in other coastal
areas (Glibert 1982), DIN regeneration was more than
sufficient to sustain the plankton DIN demand (especially for NH,') in this coastal area, and probably controlled phytoplankton growth during spring. Nitrification
depth profiles showed the same pattern as those found
in other areas (Olson 1981a, Ward et al. 1984, Eppley &
Renger 1986, Ward 1987, Ward & Zafiriou 1988), confirming that this process is partly controlled by light
(Horrigan et al. 1981, Olson 1981b. Ward 1985),i.e. the
lower the light intensity, the higher the nitrification.
Nevertheless, in contrast to findings of Dore & Karl
(1996),nitrification was detected up to the surface during
spring and appeared not to be fully inhibited by Light. As
observed in other studies (Ward et al. 1989, Dore & Karl
1996, Raimbault et al. 1999) of oceanic (north and central
Pacific) and coastal (Bight of California) waters respectively, in situ nitrification can obviously fuel the daily
NO3- net demand of phytoplankton. Nitrification and
NH,+ uptake both occurred throughout the euphotic
layer, and microorganisms responsible for these 2 processes (bacteria and phytoplankton) likely compete with
each other for NH,' (Ward et al. 1989, Bianchi et al.
1994).The pNHq:nitrificationratio was < l near the bottom
of the euphotlc layer (Fig. ?c), indicating that NH4+is
preferentially used as a source of energy for nitrifiers
rather than a structural N-source for all phytoplankton
communities. Only sparse data on in situ nitrogen regeneration exist from the Mediterranean Sea: Selrner et
al. (1993) found regeneration rates close to ours during
spring in the Bay of Villefranche-sur-Mer, ranging between 4 and 12 nM h-'. GentiLhomme & Rairnbault (1994)
observed higher rates in the Algerian Current frontal
area (SW Mediterranean Sea), ranging from 25 nM h ' at
the surface to 125 nM h-' in the DCM. Some measurements performed during spring in other coastal marine
systems (Harrison 1978, Cochlan 1986, Hanson &
Robertson 1988) gave higher rates (from 2 to 240 nM h-'),
but comparisons between their hourly and our daily rates
are difficult since regeneration has been shown to vary
greatly with the time of the day (Glibert 1982).Furthermore, in the latter studies (particularly in those of Harrison and of Cochlan) rates correspond to potential rates
due to the large excess NH,' enrichment compared to
the initial in situ NH4' concentrations (Selmer 1988).This
latter author observed an increase in NH4' regeneration rates with tracer enrichment up to 100%. Given
the relative high I5NH4+enrichments compared to
the ambient NH4+concentrations in our experiments,
we can assume that our regeneration rates are close
to potential rates.
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As far as nitrification in concerned, our rates are
close to those reported for oligotrophic areas by Ward
(1987) and Eppley et al. (1990).Gentilhomme & Raimbault (1994)measured higher rates (up to 10 nM h-' for
NH4+oxidation) in the euphotic layer of a frontal area
(Algerian current, SW Mediterranean Sea) while Feliatra & Bianchi (1993) found very high rates (up to
370 nM d-' for NH,' oxidation) in the plume of the
Rhone River. However, these latter authors applied a
different method based on the measurement of inorganic carbon uptake by nitrifiers and of changes in
NO?_-concentration (Feliatra & Bianchi 1993, Bianchi et
al. 1994). It is important to keep in mjnd that our NO3regeneration rates may have been overestimated,
since we measured the production of both NO2- and
NO3- from NH,' and not only of NO,- Another potential artifact is the enhancement of nitrification by high
tracer additions. However, the low variability of nitrification rates (Fig. 5d) seems to indicate that this process
was weakly activated by high tracer additions. During
spring, the Gulf of Lions appeared to be an area with
relatively low nitrogen regeneration, although in situ
regeneration was high enough to sustain the nitrogen
demand (especially for NH,') of the phytoplankton and
bacterioplankton communities.
Given the relative importance of regenerative processes in the euphotic layer of our study site, we tried
to assess the implication of these processes on the
computation of the f-ratio and on the concept of new
production. First, NH,+ uptake must be corrected for
isotopic dilution during NH,' regeneration (underestimation). Fig. 6a shows that f-ratios, including NH4+
uptake rates corrected for isotopic dilution, were systematically lower than conventional f-ratios. Plotting
the conventional f-ratio versus the f-ratio corrected for
isotopic dilution gave a slope (model 11) of 0.970 (95%
CI: [0.904 to 1.041]),which was not significantly different from 1. The possible over-estimation of the f-ratio
due to the non-inclusion of uptake (and regeneration)
of urea could not be evaluated, since fluxes of this
organic nitrogen compound have not been investigated
in this area. However, it should be noted that noninclusion of NH4+isotope dilution involves much lower
overestimation in f-ratios (-3%) than those due to the
non-inclusion of urea uptake rates ( l ? % ,Wafar et al.
1995).Also, this study demonstrated a significant NO3production by nitrification, relative to NO3- uptake,
which implies that an important part of NO3- taken up
by phytoplankton actually may be regenerated rather
than new nitrogen. However, it is difficult to assess the
contribution of in situ nitrification to the total No3taken up, since the measurement of N O , uptake with
the "N tracer method does not allow a determination
of the origin of NO3- taken up. At the end of winter, the
major part of the NO3- stock in the euphotic layer (for
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example HFF2,3)enters with deep water through vertical mixing (Coste et al. 1972).In this situation, the 15N
tracer technique measures essentially new production
(sensu Dugdale & Goering 1967). However, uptake
rates measured with the I5N-tracer technique in the
NO3- exhausted layer of our area probably reflected
NO3- uptake fueled by in situ NO3- production (greatest part) as well as by diffusive upward NO3- fluxes.
In stratified conditions, the actual new production is
theoretically given by the magnitude of the physical
NO3- flux. Unfortunately, it is very difficult to measure
directly the diffusive upward NO3-flux and only in one
study was an indirect assessment from nutrient consumption (Minas & Codispoti 1993) obtained for diffusive NO3- flux, ranging between 0.13 and 0.50 mm01
m-2 d-' in the NW Mediterranean Sea during the lowest summer produciivity (September).This latter range
represents 11 to 75 % of the euphotic layer depth-integrated rates of nitrification (Table 1) obtained in the
present work. Therefore, 25 to 90% of NO3- uptake
estimated with the 15N tracer may be considered as
regenerated production. Consequently, predicted net
exports of organic nitrogen from the euphotic layer
may probably be considerably lower than the total
NO3- based production (Ward et al. 1989). This latter
problem raises the question of the validity of the f-ratio
estimation with the 15N tracer method in areas where
in situ nutrient recycling is important.

DIN loss and new production

Our data show that a significant part of the DIN
taken up (-23 % of gross uptake) was lost as DON during the 24 h incubation experiments. However, it is
difficult to ascertain whether the 15Ntracer detected in
the DON pool was transferred to this pool solely via
direct and active release from living phytoplankton
cells. The '% excess enrichment in the DON pool may
have also resulted from cell rupture by grazing (Bronk

& Glibert 1993, 1994) and from cells lysis by viral infection (Procter & Fuhrman 1990, Cotrell & Suttle 1991).In

our work, a small fraction of DIN may have been lost
before filtration, since small losses of PON (-?%, see
'Materials and methods') were observed during storage after poisoning. In addition, the magnitude of DIN
uptake by organisms passing through GF/F filters and
retained on 0.2 pm Anopore membranes (i.e. PON c
GF/F representing the pool of bacterioplankton and
submicron algae, Slawyk & Raimbault 1995) was also
checked. Bacterioplankton has been demonstrated to
partly pass through GF/F (Lee & Fuhrman 1987) and to
take up preferentially NH,' (Wheeler & Kirchman
1986). And in the case of an active bacterioplankton
community, this pool could have artificially increased
the D0I5N enrichment of filtrates in 15NH4+uptake
experiments, sincc a larger percentage of tracer appears in the combined DON pool when NH4+ is the
substrate, relative to NO3- (Probyn & Painting 1985,
Wheeler & Kirchman 1986, Bronk & Glibert 1991,
1994). However, comparisons between net uptake
rates measured on GF/F with those measured on
0.2 pm filters (see 'Materials and methods') showed
that this pathway of loss was negligible. Thus, DIN
uptake in the NW Mediterranean Sea during spring
could be essentially ascribed to particles
GF/F although the area was globally nitrogen-depleted and
based on regeneration. However, the increase in
15NH4+losses to the DON pool when the upper water
colun~nbecame NO3- exhausted at the end of our survey period (more oligotrophic conditions) could likely
show an evolution of microbial communities with the
increasing influence of bacterioplankton in nitrogen
utilization.
The I5N mass balance studies on our data showed
that on average 82.1 % (95 % Cl: [78.5 to 86.01) and
94 % (95% CI: [89.1 to 98.31) of the I5NH4+and I5NO3tracer added, respectively, were recovered at the end
of the uptake experiments. The discrepancies between
15NH,+and 15N03-may be attributed to bottle contain-

Table 2. Literature data on DON release rates and corresponding net uptake rates in different manne systems. l-[p/pg) represents the part of DIN taken up and released as DON relative to the total DIN taken up. 'nM h-', "nM d-'
Location
Southern California Bighf
(coastal area)
Chesapeake Bay
[estuarine area)
Equatorial Pacific (150"W)
{open ocean)
Gulf of Lions
(coastal area)
"Averages

Substrate

Net uptake rates

DO'?. loss rates

1 - (P~P'J)

Source

NH4+

48.4' & 4.5
6.3' 2 0.8

12.4 ' 2 3.2
3.4 ' 0.2

0.20
0.35
0.34
0.11
0.15a

Bronk et al. (1994)

NO?

NH,'
NO3N03-

100'
478.4 '
0-50"

*

51.8'
60.6'
0-4"

Bronk & Glibert (1991)
Slawyk et al. (1998)
This study
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ment effects (Slawyk & Rairnbault 1995). According to
the latter authors, adsorption of NH4+onto PC bottle
walls and NH4+ uptake by bacteria growing on the
walls of PC bottle may explain why 15Nmass balance is
more difficult to achieve in NH,' than NO3- uptake
experiments, particularly in the case of long incubat i o n ~Regardless
.
of the origin of DIN losses, it appears
that p:pg ratio data from this coastal Mediterranean
system were within the range of values found in the
literature (Table 2), i.e. between the low loss rates
( < l 5 %) found in the Equatorial Pacific by Slawyk et al.
(1998) and the very high ones ( 7 4 % ) found in the
Southern California Bight by Bronk & Glibert (1991).
Our DIN loss rates are much lower (by a factor of 3 or
more) than those reported by Collos (1992) and Collos
et al. (1992) from algal cultures. However, in these
latter studies loss rates were estimated during short
incubations. DIN loss may decrease with incubation
time: for example, Slawyk & Rairnbault (1995) found
that the percentage of DIN taken up and resleased as
DON was 41 % after a 2 h incubation period and decreased to -20 % after 20 h. The initial high loss may be
explained by a stress of the plankton community when
the experience was set up, and the subsequent decrease in loss may have resulted from a stoppage of
DIN loss and/or bacterial consumption of released
DON (Slawyk & Raimbault 1995). It is worthwhile to
note that nitrogen loss rates obtained here were comparable to release rates found for recently fixed photosynthetic products during photosynthesis in algae, i.e.
for dissolved organic carbon (Mague et al. 1980, Giordano et al. 1994). Recently, Slawyk et al. (1998)
hypothesized that DIN losses greater than 50% of
gross uptake are unlikely in healthy growing phytoplankton populations, since such high loss rates would
involve such a high DON release that the PON pool
concentration would decrease instead of increase.
One should keep in mind that DIN losses to the DON
pool do not represent the total flux of nitrogen from
the PON to the DON pool (the true DON release, sensu
Bronk & Glibert 1991). DON release is greater than
DIN loss and depends on the 15N enrichment in the
intracellular DON pool. Unfortunately, it appears to be
difficult to define the DON source pool of DON release
(Slawyk et al. 1998), and thus to measure the 15N
enrichment of this pool.
A final point concerns the impact of gross uptake
rate on the computation of the f-ratio. In the present
work, the f -ratio profiles computed from gross uptake
rates of NO3- and NH,' (f, in Fig. 6a) generally paralleled the conventional f -ratio profiles, but they were
sometimes (HFF4,6)more in line with the NO3- and chl
distribution patterns. In contrast to data from Bronk &
Glibert (1994), who found an increase in the f -ratio of
50% in oceanic samples and of 17% in the coastal
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Southern California Bight, a slope obtained from a
model I1 regression analysis (Sokal & Rohlf 1995) of the
relationship between the conventional f -ratio and the
gross f-ratio gave a value of 1.145 (95% Cl: 11.136 to
1.1541)with an intercept of -0.004. The slope was not
significantly different from 1, thus indicating that the
inclusion of DIN loss in the computation of f-ratios
does not change these ratios.
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