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ABSTRACT: Nitrogen transformations were investigated in the Bay of Villefranche-sur-Mer, on the
south coast of France, during autumn 1990 and spring 1991, using "N-isotope techniques on size-
fractionated sea water samples. Besides measuring uptake of ammonium and nitrate, and ammonium
regeneration, the biological composition in 4 size fractions {<1 um, <10 pm, <100 pm and unfraction-
ated water) was determined. The plankton was dominated by pico- and nanoplankton, of which the
cyanobacteria and nanoflagellates dominated the autotrophs. Heterotrophic bacteria constituted
70 and 30% of the <1 pm and <10 pm fractions, respectively. During spring, ammonium uptake rates
were low and nitrate uptake rates often negligible, resulting in a total dominance (98 to 100 %) of re-
generated production. In autumn, however, nitrate uptake rates were higher, with new production
amounting to 34 %. The regenerated production was mostly accomplished by pico- and nanoplankton,
especially cyanobacteria and autotrophic nanoflagellates, but also heterotrophic bacteria. When
present, the ciliates accounted for the major part of ammonium regeneration, otherwise it was hetero-
trophic pico- and nanoflagellates. Considering the nitrogen dynamics and the plankton composition,

these waters may be considered as mesotrophic.

INTRODUCTION

The microbial loop and the nitrogen dynamics in a
marine ecosystem are closely coupled. Nutrients are
regenerated at each grazing level of the microbial loop
and are thus made available to the primary producers
(e.g. Williams 1981, Azam et al. 1983), giving rise to
regenerated production (Dugdale & Goering 1967,
Eppley & Peterson 1979).

The Mediterranean Sea is generally regarded as
oligotrophic (Dugdale 1976), and should therefore be
dominated by regenerated production. In contrast to
other oceans, the Mediterranean Sea has long been
considered as phosphorus limited (e.g. Maestrini &
Kossut 1981, Berland et al. 1988). Recently, however, it
has been suggested that the phosphorus limitation is
confined to the eastern part of the Mediterranean Sea,
while the western part 1s nitrogen limited (Woodward
& Owens 1989, Krom et al. 1991a). The nitrate content
in the deep water, which is formed in the eastern basin
and leaves through the Strait of Gibraltar, is low com-
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pared to other oceans (Béthoux & Copin-Montégut
1986, Krom et al. 1991b). As a result, the vertical
advective flow of nitrate, which is the main nutrient
source for new production, is low. Other nitrogenous
nutrients, such as an external input of ammonium from
both land and deep water, may therefore become
important contributors to new production (Dugdale &
Wilkerson 1988). Consequently, it may not be possible
to determine new and regenerated production using
’N-based uptake studies.

The only previous '"N-based studies of new and
regenerated production in the NW Mediterranean Sea
of which we know were performed in the Gulf of Lions
(Owens et al. 1989, Woodward et al. 1990), an area
adjacent to the Ligurian Sea (where the present work
was undertaken, see map, Fig. 1). In the Ligurian Sea,
N-based uptake studies had never been performed
before, but new production has indirectly been esti-
mated to ca 25 % as a yearly mean, and ca 40 % during
spring bloom (Minas et al. 1988, Fowler et al. 1991).
Comparing these values with how Eppley & Peterson
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(1979) charactenized oligotrophic versus eutrophic
waters, Fowler et al. (1991) concluded that the Ligurian
Sea was eutrophic.

In oligotrophic waters, the picoplankton dominate
both the biomass and the productivity (Platt & L1 1986},
as well as the ammonium uptake (e g. Probyn 1985,
Probyn & Lucas 1987, Glibert et al. 1988}. On the other
hand, the nanoplankton tend to be dominating 1n more
eutrophic waters (e.g. Glibert et al. 1982a, Probyn
1987). The ammonium uptake by picoplankton, how-
ever, is not necessarly accomplished solely by auto-
trophs, since heterotrophic bacteria have been demon-
strated to exhibit a substantial ammonium assimilation
(Wheeler & Kirchman 1986). A large heterotrophic
ammonium uptake, however, would impinge on ihe
presumptions on which the concept of new and regen-
erated production 1s based (Probyn et al. 1990)

The microbial loop has been investigated for a long
time 1n the Ligunan Sea, and especially in the Bay of
Villefranche-sur-Mer (see map, Fig. 1). These waters
are dominated by pico- and nanoplankton, mainly con-
sisting of cyanobactena (Synechococcus sp.), hetero-
trophic bactena and nanoflagellates (Rassoulzadegan
1979, Hagstrom et al. 1988, Lins da Silva 1991). Not
even during the spring bloom, however, does the
abundance of microphytoplankton become very large.
It is the autotrophic flagellates and the cyanobactena
which are mostly responsible for the primary prod-
uction {Hagstrom et al. 1988, Lins da Silva 1991,

Wiadnyana 1991). Of the primary production 86%
has been reported to be respired by heterotrophs,
while only 6% is transferred to higher trophic levels
(Hagstrom et al. 1988). Thus an active microbial loop
and a high nutrient regeneration should be expected.
This was indirectly demonstrated by Ferrier & Ras-
soulzadegan (1991) inasmuch as the presence of
heterotrophic protozoa enhanced the growth of pico-
and nanophytoplankton.

Since the NW Mediterranean Sea is characterized as
oligotrophic and limited in nitrogen, and since the
muicrobial loop has been shown to play an essential role
in these waters, it was reasonable to ask the following
questions: (1) How important is regenerated produc-
tion compared to new production, (2) which organisms
of the microbial loop are mainly responsible for regen-
erated production, and (3) how do these processes
fluctuate over the year? In order to answer these
questions, size-fractionated “N-enrichment experi-
ments were undertaken, together with a thorough
determination of the biological composition in the
waters studied. To complement the determinations of
new and regenerated production, studies of ammo-
nium regeneration were performed on some occasions.

MATERIALS AND METHODS

Experimental. Nitrogen uptake experiments were
performed on the following dates: 9 and 30 November
1990; 12, 24 and 30 April; 15 and 31 May 1991.
Ammonium regeneration studies were performed on
4 December 1990, 15 April, 17 and 30 May 1991.

Water was collected in the morning at 5 m depth at
Point B in the Bay of Villefranche-sur-Mer, France (see
map, Fig. 1) using a 30 | Niskin sampler, and the
expenimental work was performed the same day as
sampling. The water was size-fractionated using in-
verse filtration according to Sheldon & Rassoulzade-
gan (1987), with 100 um filter mesh or 1 and 10 pm
Nuclepore filters (& = 142 mm). For the uptake ex-
perniments the water was post-fractionated, for the
ammonium regeneration experiments it was pre-
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fractionated. Incubations were performed at 18°C and
under constant artificial light conditions for all experi-
ments. The duration of the incubations were between
4 and 5 h.

In general, filtering of particulate material for
chemical analysis (including '°N-samples) was per-
formed with pre-combusted 25 mm Whatman GF/F
glass fibre filters (ashed at 450°C for 2 h). For all
incubations and chemical analysis only acid-washed
material was used (2 % HCl).

Biological composition. Triplicate samples were
counted by epifluorescence microscopy according to
Rassoulzadegan & Sheldon (1986). Triplicate samples
of 100 ml for enumeration of ciliates and microphyto-
plankton were preserved with Lugol's solution and
counted according to Uterméhl (1958).

Geometric cell volumes used for converting cell
enumerations into biovolumes are given in Lins da Silva
(1991). These cell volumes were originally obtained
after several (> 100) cell size measurements performed
in the Bay of Villefranche-sur-Mer. The data will be pre-
sented as ppm by volume (um® ml~"' x 10%). Biovolumes
of the size intervals (i.e. 1-10 um, 10-100 um and
> 100 um) were also calculated for each experiment.

Nutrients, particulate material and chlorophyll a.
Concentrations of ammonium and nitrate were meas-
ured on a Technicon Autoanalyzer II and an Alliance
Instrument Evolution II, respectively, according to
Tréguer & Le Corre (1975). Ammonium was analyzed
directly, while nitrate samples were stored frozen until
analysis.

Samples for determination of particulate organic
carbon and nitrogen were collected on glass fibre
filters after fractionation, and subsequently dried and
stored in an evacuated dessicator. For the experiments
in 1990 the samples were analyzed on a W.C. Heraeus
elemental analyzer (located at IAEA, Monaco), while
the samples from 1991 were analyzed on a LECO 800
elemental analyzer (located at Centre d'Oceanologie,
Marseille).

Concentrations of chlorophyll a (chl a) and phaeo-
phytin a were measured during uptake experiments in
spring 1991. Samples were collected on glass fibre filters
after fractionation, stored frozen and subsequently
analyzed according to Strickland & Parsons (1972) using
a Turner Fluorometer Model 10-005R. Calculations
were performed according to Lorenzen (1966).

Nitrogen uptake and regeneration experiments. For
the uptake experiments, the sampled seawater was
divided into eight 10 1 glass bottles, to 4 of which were
added 0.2 pmol 17* of 98 % ®N-ammonium, and to the
other 4 were added 0.2 pmol 17! of 98% '>N-nitrate.
Ambient nutrient concentrations were analyzed prior
to '’N-additions. At the end of the incubation the water
was fractionated, and 3 parallels of 1 to 2 1 from each

bottle were collected on glass fibre filters, dried and
stored in an evacuated desiccator until further analysis.

Ammonium regeneration rates were determined by
using the '"N-isotope dilution technique with sub-
sequent extraction of indophenol (Selmer & Sérensson
1986, Selmer 1988). The pre-fractionated seawater was
divided into four 10 1 glass bottles and 0.2 umol 17! of
98 % ""N-ammonium was added. In order to attain a
sufficient amount of nitrogen for ""N-analysis, 1 ml of
1 mmol N-NH,CIl 1-! was added to the extraction
samples (240 ml) prior to the addition of reagents.
Contamination blanks were also performed.

Analysis of atom % °N were performed with SOPRA
GS1 emission spectrometer (ENSA-M/INRA, Mont-
pellier) according to Kristiansen & Paasche (1982).
Uptake rates were calculated according to Dugdale
& Wilkerson (1986) and ammonium regeneration rates
according to the Blackburn-Caperon model (Black-
burn 1979, Caperon et al. 1979).

RESULTS
Hydrography and nutrients

In the Bay of Villefranche-sur-Mer, the seasonal
variations in salinity are minor, and on the sampling
occasions the salinity was always 38 psu (M.C. Corre
& M. Etienne pers. comm.}. Irradiance at the time of
sampling (Service Météorologique de 1'Aéroport de
Nice Coéte d'Azur), together with the initial concentra-
tions of ammonium and nitrate in the uptake studies
(an average of the 4 incubation bottles) are presented
in Table 1. Generally, both ammonium and nitrate

Table 1. Irradiance (J cm™) at the time of sampling. Initial

nutrient concentrations {umol 17') in uptake experiments,

taken as a mean value of the 4 incubation bottles and with the
standard deviations (SD) shown

Ammonium Nitrate
Mean value SD Mean value SD

Date Irradiance

1990
9 Nov 1082 0.27 0.07
30 Nov 840 0.17 0.04 0.17 0.07
4 Dec 547
1991
12 Apr 2155 0.06 0.00 0.03 0.02
15 Apr 1956
24 Apr 1373 0.08 0.01 0.05 0.03
30 Apr 1992 0.09 0.00 0.04 0.03
15 May 1854 0.11 0.00 0.94 0.28

17 May 2882
30 May 1485
31 May 2822 0.10 0.00 0.00 0.00
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Table 2. Contribution (%) of the different groups to total biovolume on each sampling date
Groups 1990 1991
9 Nov 30Nov 4Dec 12Apr 15Apr 24 Apr 30 Apr 15May 17 May 30 May 31 May
Fraction <1 um
Cyanobacteria 11.54 5.56 249 1599 1549 6.30 5.22 3.71 8.93 6.21 7.72
Prochlorophyte 0.01 0.02 0.01 0.01 0.05 0.03 0.04 0.01 0.08 0.02 0.01
Autotrophic picoflagellates 0.60 0.52 1.79 1.13 0.30 0.56 1.15 0.83 2.70 1.39 1.62
Autotrophic nanoflagellates 6.95 5.95 7.55 9.12 1.45 6.85 10.81 4.79 7.15 4.59 6.51
Microphytoplankton 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Bacteria 70.81 84.25 77.09 6221 7713 7733 7515 7679 60.08 7947 73.11
Heterotrophic picoflagellates 0.36 0.87 1.08 1.30 1.90 1.29 1.35 1.04 1.93 1.79 1.16
Heterotrophic nanoflagellates 9.70 2.82 9.98 10.23 3.71 7.58 6.26 12.81 19.11 6.52 9.85
Ciliates 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fraction <10 um
Cyanobacteria 7.60 4.51 3.35 8.47 10.02 6.53 3.42 3.41 7.76 3.08 4.15
Prochlorophyte 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01
Autotrophic picoflagellates 0.05 0.74 0.75 0.89 0.89 0.46 0.63 0.99 1.16 0.72 0.66
Autotrophic nanoflagellates 36.15 36.15 26.16 4539 39.64 21.87 4149 4800 50.32 4862 39.24
Microphytoplankton 7.04 3.79 7.76 0.74 1.54 1.59 5.17 572 1.00 5.83 7.61
Bactena 3539 4240 4580 30.07 2,52 5995 33.85 2333 3022 2034 3518
Heterotrophic picoflagellates 0.29 0.62 0.60 0.62 1.21 0.50 0.71 0.06 0.56 0.70 0.43
Heterotrophic nanoflagellates 6.12 8.06 8.63 1266 12.55 10.40 8.76 1162 7.65 15.12 5.08
Ciliates 0.70 0.21 0.52 0.29 0.12 0.15 1.24 0.63 0.30 0.25 1.02
Fraction <100 um
Cyanobacteria 7.03 8.82  30.19 7.15 7.82 5.83 3.32 2.90 3.89 2.15 1.81
Prochlorophyte 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 1.00 0.01
Autotrophic picoflagellates 0.48 0.75 0.55 0.64 0.66 0.56 0.49 0.45 1.00 0.42 0.25
Autotrophic nanoflagellates 28.99 21.81 2457 4471 3849 2837 3998 2542 38.58 28.78 23.01
Microphytoplankton 7.30 7.87 9.58 2.56 5.31 7.20 568 2044 13.84 20.16 2841
Bacteria 34.13 3961 4127 2619 2666 36.70 31.95 2112 2348 2072 1863
Heterotrophic picoflagellates 0.34 0.46 0.69 0.64 0.76 0.57 0.66 0.77 0.43 0.59 041
Heterotrophic nanoflagellates  12.98  16.34 996 1467 1263 12.25 9.82  11.28 6.64 11.03 8.84
Ciliates 2.50 2.97 2.60 0.96 2.84 2.37 2.97 3.68 1.07 2.14 1.66
Unfiractionated water
Cyanobacteria 6.56 2.69 2.78 7.08 7.73 7.65 2.64 217 2.25 2.08 1.19
Prochlorophyte 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Autotrophic picoflagellates 0.54 0.45 0.49 0.65 0.58 0.58 0.47 0.50 0.61 0.46 0.19
Autotrophic nanoflagellates 3133 1850 2135 3524 4286 4264 3535 26.19 26,61 2763 14.77
Microphytoplankton 8.50 1442 11.87 4.81 5.17 546 1043 23.17 2248 1925 38.83
Bacteria 28.57 3362 4043 2540 26.92 2691 2995 1873 2281 18.72 15.87
Heterotrophic picoflageliates 0.38 0.41 0.47 0.47 0.01 0.58 0.70 0.71 0.15 0.34 0.10
Heterotrophic nanoflagellates  14.18  16.47 10.77  19.53 0.01 9.71 978 1164 3.48 8.84 2.75
Ciliates 2.77 3.52 3.04 2.44 0.01 1.43 2.10 1.67 6.65 8.31 6.73

concentrations were higher in autumn than in spring.
A sharp increase in nitrate concentrations, however,
was observed on 15 May. This was probably due to a
preceding rainfall, and 2 wk later the nitrate concen-
trations had returned to the previous low (and for the
season normal) concentrations.

Biological composition

The contributions of the different groups of or-
ganisms in percentage of the total biovolume are given
in Table 2. Biovolumes of the size intervals (i.e.
1-10 um, 10-100 pm and > 100 pum) are presented

in Fig. 2. Hereafter, the following abbreviations will
be used for the various groups of flagellates: APF, auto-
trophic picoflagellates; HPF, heterotrophic picoflagel-
lates; ANF, autotrophic nanoflagellates; HNF, hetero-
trophic nanoflagellates. The coefficients of variance
(calculated for ppm) were as follows: Prochlorophytes
1to 3%, cyanobacteria 0.5to 3%, APF 1to 4%, ANF 1
to 10 %, microphytoplankton 3 to 20 %, heterotrophic
bacteria 3 to 10 %, HPF 1 to 4%, HNF 1 to 6 % and cil-
iates 0.2to0 1%.

The <10 um fractions were mostly dominated by
heterotrophic bacteria, cyanobacteria and ANF. Hetero-
trophic bacteria represented ca 70 and 30% of the
total biovolume in the <1 and <10 pm fractions,
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respectively. They were abundant in all experiments,
exhibiting a mean biovolume of ca 0.10 ppm (except
for 0.06 ppm in Nov/Dec). On average, cyanobacteria
accounted for 50 and 12% of the autotrophs in the
<1 pum and <10 pm fractions respectively, while ANF
accounted for 43 and 79 % respectively. Cyanobacteria
were particularly abundant in the first 2 wk of April
(0.03 ppm), but had a lower biovolume in the other
experiments {0.01 to 0.02 ppm). ANF exhibited lower
biovolume in Nov/Dec (0.03 ppm) than in April/May
(0.15 to 0.20 ppm). In these 2 fractions, picoflagellates
and prochlorophytes exhibited 10 to 100 times lower
biovolume than the other groups. Dinoflagellates
dominated the microphytoplankton in the <10 pm
fraction.

In the <100 pm fraction, the biovolumes of hetero-
trophic bacteria, cyanobacteria and ANF were nearly

0.12 ;
Bacteria

0.09
0.06
0.03
0.00

0.004
0.003

0.002
0.001 -

0.000

0.08
0.06

HNF

Biovolume (ppm)

0.04
0.02

0.00

0.015
Ciliates

0.010
0.005

0.000

911 30/11 /12 1244 15/4 2404 30/4 1S/5 175 30/ 315

Date

.<1pm .l-lOum D>100pm

Fig. 2. Biovolume of plankton (ppm) in size intervals for both
uptake and regeneration experiments. In this and subsequent
figures, dates are given in the form day/month

[] 10-100 ym

the same as in the <10 pum fraction, while the HNF
and the microphytoplankton were more abundant.
The microphytoplankton were mostly dominated by
dinoflagellates throughout the year and especially by
Ceratium sp. in spring. Microphytoplankton bio-
volume remained low from November to April
(0.03 ppm), but increased suddenly in May during
the spring bloom and reached values of 0.12 to
0.16 ppm. In the last experiment, a bloom of the
diatom Rhizosolenia styliformis was observed. At
this time increases in abundances of Chaetoceros sp.
and Leptocylindricus styliformis also occured. Ciliates
were also abundant in these fractions with a mean
biovolume of ca 0.05 to 0.10 ppm. The unfractionated
water was mostly identical to the <100 pm fraction,
except for a slight increase in microphytoplankton
and ciliate biovolume.
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Fig. 3. Particulate organic nitrogen concentrations (umol 17')
in size intervals for both uptake and regeneration experiments
(legend as in Fig. 2}

Particulate organic material, chlorophyll a
and phaeophytin a

Concentrations of particulate organic nitrogen (PN)
in the different size intervals for all the experiments
are shown in Fig. 3. The C:N atomic ratios of
inclusive size classes are shown in Fig. 4. In general,
the concentrations of PN and particulate organic
carbon (PC) follow the same pattern as biovolumes.
The <1 um fraction contributed ca 20 to 40% to the
total PN and PC. This high contribution of the smaller
organisms to particulate material is also seen
inasmuch as PC and PN were positively correlated
with cyanobacteria, heterotrophic bacteria and HPF
(p = 0.001), and also with prochlorophytes and APF
(p = 0.01), but not with nanoflagellates and micro-
phytoplankton.
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Fig. 5. Chlorophyll a concentration (ug 17!) in size intervals
from uptake experiments during spring 1992 (legend as in
Fig. 2)

Concentrations of chl a decreased during early spring
up to 30 April, after which the concentrations increased
again (Fig. 5). There was a clear predominance of the
1-10 um size interval in the distribution of chl a concen-
trations. Chl a was significantly correlated only with ANF
(p = 0.001), the major autotrophic constituent of the
1-10 pm size interval. Phaeophytin a concentrations were
approx. 0.10 pg 17" up to 30 April, and increased later to
0.15 ug 1"!. Compared to chl a, there was a shift in pre-
dominance towards the 10-100 pm size interval, except
for 30 April when the 1-10 um size interval dominated.

Uptake of nitrogenous nuirients

The ammonium uptake rates of the different size
intervals and as a percentage of the total uptake (i.e.
of the unfractionated water) are shown in Figs. 6 & 7,
respectively. In general, the ammonium uptake rates in-
creased during the year (from autumn to spring), and
exhibited the same seasonal pattern as observed
for organic material and biovolume.

20

=] o

C:N atomic ratio

0 Ll || | |
9 30110 412 12/4 15/4 24/4 ElIES 15/5 1748 300

Date

-<1pm .<10um

Fig. 4. C:N atomic ratios in inclusive size classes

D <100 um E unfractionated water

In autumn, the 1-10 um size interval dominated
the ammonium uptake (0.7 to 0.9 nmol 17! h™}),
followed by the <1 pm fraction (0.4 to 0.7 nmol 1!
h~'}. In spring, however, the < 1 um fraction dom-
inated (0.7 to 3.4 nmol 7! h™1), followed by the
1-10 um size interval (0.7 to 3.2 nmol 17! h™}),
while the fractions > 10 pm generally exhibited
lower uptake rates (except for 15 and 31 May).
Generally, the importance of the <1 um fraction
increased during early spring up to 30 April

s (comprising 69 %; Fig. 7), simultaneously with a

decrease in the total uptake rates (from 5.1 to
1.3 nmol 17" h~%; Fig 6). After 30 April, the total
uptake increased (to 8.7 nmol 1~! h™') with a pre-
dominance of the size intervals > 1 um.
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Fig. 6. Rates of ammonium uptake (nmol 1-! h™!) in size
intervals {legend as in Fig. 2)

Since there was a clear shift in the observed
parameters (ammonium uptake, organic material
and biovolume) up to and after 30 Aprl, the data
were divided into 2 parts for the statistical treat-
ments. R? values and associated probabilities (p)
are summarized in Table 3. Up to 30 April ammo-
nium uptake was significantly correlated with PN,
PC and all groups of organisms except the micro-
phytoplankton, but not with chl a, After 30 April a
significant correlation was observed with chl a, PN,
PC and also with microphytoplankton and cyano-
bacteria.

Compared to the ammonium uptake rates, the nitrate
uptake was generally low or non-existent (Fig. 8). The
highest rates were observed in autumn, and mostly
within the <1 um fraction (0.6 nmol 1! h™!). Elevated
rates were also observed on 24 April (0.2 nmoll~-' h~!in
the dominating 10-100 pm size interval) and on
31 May (0.3 nmol 1-! h™! in the 1-10 pm size interval).
There was no significant correlation between nitrate
uptake and biovolume.

% NHg4* uptake

911 30/11 124 24/4 3074 15/5 3175
Date

Fig. 7. Rates of ammonium uptake as percentage of the total
uptake (unfractionated samples) (legend as in Fig. 2)

Table 3. R? values (coefficient of determination) from the sig-

nificant linear regressions between ammonium uptake rates

(nmol 17! h™!) and the different groups of organisms (ppm) or

particulate carbon and nitrogen (umol 1-') or chlorophyll
(Lg 17Y). The parameter p is the associated probability

Groups Ammonium uptake rates

Up to 30 April After 30 April
Cyanobacteria 0.77 {(p = 0.0001) 0.47 (p = 0.013)
Prochlorophytes 0.40 (p = 0.0180) No correlation
APF 0.83 (p = 0.0001) No correlation
ANF 0.76 (p = 0.0001) No correlation
Microphytoplankton  No correlation 0.74 (p = 0.003)
Bacteria 0.78 (p = 0.0030) No correlation
HPF 0.74 (p = 0.0001) No correlation
HNF 0.84 (p = 0.0001) No correlation
Particulate nitrogen 0.86 (p = 0.0001) 0.92 (p = 0.0001)
Particulate carbon 0.72 (p = 0.0001) 0.70 (p = 0.0007%)
Chlorophyll a No correlation 0.45 (p =0.0164)

Ammonium regeneration

The rates of ammonium regeneration are shown in
Fig. 9. The rates are presented as inclusive size classes,
since the incubations were pre-fractionated and thus
each incubation bottle (and size-fraction) represented
different ecosystems. Provided it is possible, however,
we try in the text to discuss the results in terms of size
intervals.

Organisms > 10 pm exhibited relatively high rates
of ammonium regeneration on 4 December (15 and
36 nmol 17! h™!in the <100 pm fraction and unfraction-
ated water, respectively, and thus the regeneration
activity was rather equally dispersed between the size
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Fig. 8. Rates of nitrate (nmol 1= h7!) in size intervals (legend as
in Fig. 2)
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Fig. 9. Rates of ammonium regeneration (nmol 17! h™!) in
inclusive size classes (legend as in Fig. 4)

intervals 10-100 pym and > 100 pm). On 30 May the
organisms in the size interval 1-10 um exhibited the
highest ammonium regeneration rates encountered
during these studies (up to 50 nmol 1! h™!). Contrary
to this pattern the <1 um fraction dominated on
15 April (12 nmol 17! h™!), while on 17 May organisms
>1 um dominated with generally very low rates
(<5nmoll1-th™Y),

DISCUSSION
Seasonal variations

From the results presented above, it was possible to
discern 3 periods in relation to the biological composi-
tion and ammonium uptake rates: Nov/Dec, April (up
to 30 April) and May (after 30 April). Since the experi-
mental work was not equally distributed over the year,
this division into periods could be somewhat artificial.
To facilitate the discussion, however, we use the de-
nominations autumn (Nov/Dec), April and May. The
incubation conditions were held constant during all
experiments, and this could have imposed an artifact.
However, since the seasonal variations we observed in
biological composition were reflected in the nitrogen
dynamics, we believe this artifact to be of minor
importance.

Biological composition

In the Bay of Villefranche-sur-Mer, the waters are
considered to be coastal temperate, and productivity
is also closely related to seasons, with highest pro-
ductivity during spring when the microphytoplankton
bloom appears. Microphytoplankton, however, are not

as important here as in some other temperate waters,
where diatoms are responsible for the major primary
production during spring bloom (e.g. Smetacek 1981,
Takahashi & Bienfang 1983, Holligan et al. 1984, Joint
et al. 1986). In the Ligurian Sea, the spring bloom is
usually due to increases of Chaetoceros sp., Lepto-
cylindricus sp. and Rhizosolenia sp. (Wiadnyana 1991).

The biovolumes observed in the present work are in
the same order of magnitude as those observed earlier
at Point B (Lins da Silva 1991, Wiadnyana 1991). The
pico- and nanoplankton dominated the plankton com-
position at Point B. They accounted for 70 % of the total
organic particulate carbon, values comparable to those
obtained by Pomeroy (1974), Sherr et al. (1986),
Andersen (1988) and Rassoulzadegan (1990). Hetero-
trophic bacteria was the most important group.
Mean concentrations of oligotrichous ciliates (1 to
2 cells ml~') were within the range of concentrations
measured earlier in these waters (Rassoulzadegan &
Gostan 1976, Rassoulzadegan 1977).

Sometimes, however, there were Inconsistencies in
the cell numbers relative to the filter sizes. The bac-
terial cell numbers could increase in the 10-100 um
size interval as compared with the 1-10 um size inter-
val. This was probably due to a smaller percentage of
bacteria destroyed by filtration on 100 um filter mesh
than on 10 um Nuclepore filters. It could also have
been caused by bacteria attached to detritus, but this
was not observed in the microscope. Another inconsis-
tency was the presence of ANF in the <1 um fraction.
An exact separation of plankton into size classes using
filtration has, however, been proven difficult {Li 1990,
Stockner et al. 1990).

Prochlorophytes, autotrophic picoplankton which
recently have received much attention, were origi-
nally observed only in the lower part of the photic
zone near the nitracline in the Atlantic and therefore
presumed to utilize new nutrients (Chisholm et al.
1988, Neveux et al. 1989). Later, prochlorophytes
were observed in the entire photic zone in the
Mediterranean Sea (Vaulot et al. 1990). In this study,
prochlorophytes were counted with epifluorescent
microscopy, which could have resulted in an under-
estimation of cell numbers due to bleaching under the
light source. In general, we found 10 times lower
abundances than Vaulot et al. (1990). In our studies,
prochlorophytes were always present at S m and
seemed to prefer new nutrients (inasmuch as ammo-
nium uptake was less significantly correlated with
prochlorophytes than with the other autotrophic
plankton). Prochlorophytes have been shown to react
rapidly to nitrogen pulses (Vaulot & Partensky 1992).
This was clearly evident on 17 May, when the ele-
vated nitrate concentrations had caused enhanced
growth of the prochlorophytes.
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Nitrogen uptake

Ammonium dominated the nitrogen uptake with up
to 100 % in April and May. The ammonium uptake was
generally dominated by pico- and nanoplankton in the
size fractions <10 um. These were especially cyano-
bacteria and ANF, but also heterotrophic bacteria
(Figs. 6 & 7, Table 3). Ot the autotrophs, cyanobacteria
generally constituted the largest part in the <1 um
fraction, while ANF dominated the 1-10 um size inter-
val (Table 2, Fig. 2). Even if the biovolumes of APF
were low, their significant correlation with ammonium
uptake implies an important contribution to the ammo-
nium uptake. According to the statistical treatments,
the heterotrophic bacteria contributed less to ammo-
nium uptake than the autotrophs (Table 3). Presum-
ably, heterotrophic bacteria will assimilate rather than
regenerate ammonium when the organic substrate is
nitrogen limited (Goldman et al. 1987, Goldman &
Dennett 1991). Although dissolved organic material
was not measured in the present work, the high par-
ticulate C:N ratios observed (Fig. 4) support a prefer-
ential bacterial ammonium assimilation. Also, bacterial
ammonium uptake have been demonstrated to be sub-
stantial amongst picoplankton (Wheeler & Kirchman
1986).

It was only in May that ammonium uptake was
observed to any extent in the larger size intervals con-
sisting of microphytoplankton (Figs. 6 & 7). The statis-
tical treatments showed obtained a good correlation
only between uptake rates and microphytoplankton
and to a lesser degree cyanobacteria. Ammonium up-
take was also more significantly correlated with micro-
phytoplankton than with chl a, probably due to the di-
atoms and dinoflagellates present (see ‘Results’), all of
which have low chl a concentrations relative to other
pigments (Sournia 1986, Ricard 1987).

The uptake rates of nitrate were always much lower
than those of ammonium. The dependance of micro-
phytoplankton on nitrate has previously been indi-
rectly demonstrated in the same area by Ferrier &
Rassoulzadegan (1991). In spite of the expected inter-
dependance, neither the peak in nitrate uptake on
30 November nor that on 24 April coincided with
any increased microphytoplankton biovolumes (Figs. 2
& 8). The spring bloom, with an increased abundance
of microphytoplankton, appeared in May. Although
elevated nitrate concentrations were observed in situ
on 15 May, the measured nitrate uptake rates were
almost zero. From 15 to 17 May there occured an
increase in biovolume of most of the plankton <1 pm.
There are no uptake measurements from 17 May, but
presumably the enhanced irradiance (see Table 1) con-
tributed to an increased primary production. Elevated
uptake rates of both nitrate and ammonium were

observed on 31 May (Figs. 6 & 8). A similar delayed
response to elevated nitrate concentrations was re-
ported from the same area by Martin et al. (1989). They
found a relationship between heavy rainfall, a rapid
increase in surface water nitrate concentrations and a
subsequent increase in chl a in less than 1 wk.

Our findings are consistent with the nitrogen uptake
studies performed in the Gulf of Lions, where the <5 um
size class contributed 67 % to the nitrogen uptake in
winter, and over 80 % to the primary production in both
summer and winter (Owens et al. 1989, Woodward et al.
1990). Although the Gulf of Lions is strongly influenced
by the fresh-water discharge and nutrient loading from
the Rhéne River, the quoted results were from the
boundary area between fresh-water and sea-water
which is limited in nitrogen (Woodward & Owens 1989),
and which exhibits cell densities typical of the Medi-
terranean Sea open sea areas (Cruzado & Velasques
1989), and therefore should be comparable to the
Ligurian Sea. Owens et al. (1989) reported depth-
integrated nitrogen uptake of 0.58 nmol NO; 1-! h-!
and 1.46 nmol NH,* 1=' h~! during winter, which is only
comparable with our results from autumn. The gener-
ally low ammonium uptake rates we observed, however,
are comparable to, or lower than, observations from
oligotrophic regions (e.g. Wheeler & Kirchman 1986,
Probyn & Lucas 1987 Glibert et al. 1988, Harrison &
Wood 1988). The uptake rates could have been en-
hanced by the addition of 0.2 umol N 17}, due to the
enrichment effect and/or a surge uptake. However, due
to the low uptake rates observed, we do not believe this
to be a major error. On the other hand, our results could
have been underestimated since we did not correct for
1sotope dilution (Glibert et al. 1982b). Such a correction,
however, would only have resulted in an even higher
dominance of regenerated production. Therefore, the
general conclusion that this ecosystem is dominated to a
very large extent by regenerated production would not
be altered.

Ammonium regeneration

Heterotrophic flagellates do not in general assimilate
ammonium, but as part of the microbial loop they
regenerate ammonium and will indirectly affect the
autotrophic ammonium uptake. This was demon-
strated in the same area by Ferrier & Rassoulzadegan
(1991), in that APF and ANF exhibited enhanced
growth in the presence of heterotrophic protozoa, and
in our results, since HPF and HNF were significantly
correlated with ammonium uptake at the same level
as the autotrophic organisms. In spite of this, the ob-
served rates of ammonium regeneration were very
variable (Fig. 9).



80 Mar. Ecol. Prog. Ser. 100: 71-83, 1993

On 17 May, when the autotrophic organisms <1 pm
dominated and the grazers in the 1-10 pm size interval
were absent, ammonium regeneration was negligible.
By 30 May, a reasonable time lapse for heterotrophic
adaptation to changes in prey densities (McManus
& Fuhrman 1988), the ammonium regeneration had
increased to the highest rates observed during this
study. This coincided with a high abundance of cili-
ates, also in the 1-10 um size interval. The only other
observation of a large ciliate biovolume was on 9
November, but no regeneration experiments were
performed at that time. The in situ concentrations of
ammonium (Table 1}, however, indicated a substantial
ammonium regeneration. In April, the ammonium
regeneration was caused by the <1 um size class, and
thus presumably by heterotrophic bacteria and HPF. In
these experiments, the heterotrophic bacteria seem
more likely to assimilate ammonium, and thus this
result could be an artifact due to the release of dis-
solved organic material during the pre-fractionation
which could have stimulated ammonium regeneration
(Fuhrman & Bell 1985). The high ammonium regener-
ation rates on 4 December (in the plankton >10 um)
cannot be explained in view of the biological
composition.

There are some inconsistencies in our results from
15 April and 30 May, since the smaller size fractions
exhibited higher regeneration rates than those of
the larger fractions. This phenomenon was recently
discussed by Glibert et al. (1992), who explained it
by trophic alterations due to the pre-fractionation.
With the *N-isotope methods available today, pre-
fractionation is necessary but could cause a reduc-
tion in the grazing pressure on the heterotrophic
organisms, and thus increase the regeneration rate
(Glibert et al. 1992).

The ratio between the regeneration and uptake rates
of ammonium was always well in excess of unity,
except for 17 May, when the heterotrophic grazers
were absent (see above). This could be due to either a
heterotrophic dominated ecosystem or diel variations.
In the latter case, regeneration and uptake would
balance on a longer time scale. Although the
Mediterranean Sea is considered to have elevated
C:N ratios relative to other oceans (Béthoux & Copin-
Montégut 1986, Dugdale & Wilkerson 1988), the C:N
ratios observed here were well above the Redfield
ratio of 6.6 (Redfield et al. 1963), and indicates parti-
culate organic material consisting not only of living
plankton but also detritus. The ratio between PN and
chl a has also been used as an index of the quality of
particulate material. A PN:chl a ratio close to unity
indicates particulate material consisting mainly of
phytoplankton, while elevated ratios are an indication
of detritus and/or heterotrophs and high grazing pres-

sure (McCarthy & Nevins 1986, Wheeler & Kokkinakis
1990). For the unfractionated water, PN:chl a was in
the range of 2.3 to 3.8. Thus, considering the data on
particulate organic material and chl a, the ecosystem
seems to have consisted of a substantial portion of
detritus and/or heterotrophs. Since detritus was not
observed in the microscope, and since the hetero-
trophic bacteria constituted a substantial part of the
plankton, the latter explanation seems most plausible.
This would also be indicative of a high grazing pres-
sure, as seen in the dominating ammoniun uptake and
relative high ammonium regeneration rates.

New and regenerated production

The f-ratio, defined as new production:total produc-
tion (Eppley & Peterson 1979), was in our studies of
the magnitude of 0 to 0.02, except tor 30 November
when f = 0.34 (calculated for unfractionated water).
Using f = 0.02, r (= (1-f)/f). which is the number of
times nitrogen will be recycled within the photic zone
before being exported (Eppley & Peterson 1979), be-
comes 49. These numbers imply an ecosystem com-
pletely (98 to 100 %) based on regenerated production.

The percentages of new production reported here
(0 to 2 %) were much lower than those reported earlier
from the Ligurian Sea of ca 25 % new production, and
which were based on indirect calculations and sedi-
ment traps (Minas et al. 1988, Fowler et al. 1991).
According to Dugdale & Wilkerson (1988), however, it
is perhaps incorrect to use the concept of new and
regenerated production in the Mediterranean Sea due
to external sources of ammonium. Thus, if autochto-
nous and allochtonous ammonium inputs to the photic
zone cannot be separated, sedimentation rates meas-
ured over a sufficiently long period could be a better
way of estimating new production. However, due to
the very low ambient concentrations of ammonium,
and the large difference between 0-2 and 25 % in new
production, we do not believe that an allochtonous am-
monium input can explain this difference. The impor-
tance of regenerated nutrients in this ecosystem is also
evident in the occasionally high ammonium re-
generation rates and the highly significant correlation
between the abundance of heterotrophic flagellates
and ammonium uptake rates.

Considering the predominance of regenerated produc-
tion in our studies, we cannot agree with the conclusion of
Fowler et al. (1991) that the Ligurian Sea is eutrophic
instead of oligotrophic. Our studies were performed in
the Bay of Villefranche-sur-Mer which is part of the
Ligurian Sea, but relatively close to land. As mentioned
above, the sampling station is regarded as coastal tem-
perate waters. Taking the biological composition into
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account, pico- and nanoplankton generally seem to
accomplish an equal share of the ammonium uptake.
Earlier observations of size-fractionated ammonium up-
take have demonstrated the importance of nanoplankton
in more eutrophic waters (e.g. Glibert et al. 1982a, Probyn
1987), while the picoplankton dominates in the oligo-
trophic regions (e.g. Probyn 1985, Probyn & Lucas 1987,
Glibert et al. 1988). This gives us reason to characterize
these waters (i.e. Point B) as intermediate with respect to
production, and thus mesotrophic.
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