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INTRODUCTION

Export of organic matter from the euphotic zone
to deeper waters has been of major concern for the
oceanographic community for many years. This
question gave rise to the concept of new and regen-
erated production (Dugdale and Goering, 1967)
where new production was defined as organic mat-
ter derived from nitrate uptake by the autotroph phy-
toplankton whereas the regenerated production is
derived from their ammonium uptake. This concept
was expressed by Eppley and Peterson (1979) in

terms of the f ratio (new production/(new + regener-
ated production)). In the early general understand-
ing, the export of organic matter was assumed essen-
tially to be in the particulate form. Since then, evi-
dence has been provided for the transfer of dissolved
organic matter (DOM) to the aphotic zone (Copin-
Montégut and Avril, 1993; Carlson et al., 1994). In
addition, different studies documented the produc-
tion of DOM in the euphotic zone (Smith et al.,
1992) and its role in the upper layer where export of
dissolved organic nitrogen has been shown to be up
to two fold that of particulate organic nitrogen
(Pujo-Pay, 1995). Diel vertical migrations (DVM) of
zooplanktonic organisms are a common feature of
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temperate waters. They are supposed to play a sig-
nificant role in the export of organic matter through
sinking fæcal pellets and aggregates and in the redis-
tribution of nitrogen throughout the nutricline
(Angel, 1989 ; Longhurst and Harrison, 1989;
Lampitt et al., 1993). However, the extent of their
impact on the export of organic matter from the
euphotic zone to deep waters is still unresolved. One
piece of information can be obtained by quantifying
grazed populations during the occupancy of the
upper layer by the migrant organisms. 

In the present work, one such attempt is made,
focused on the cyanobacteria population in the
northwestern Mediterranean Sea. This study was
part of a more general investigation of biogeo-
chemical processes (DYNAPROC cruise, May
1995). This cruise focused on the functioning of
the biological pump (Longhurst and Harrison,
1989; Bishop, 1989) and was conducted mainly at
a time series station where horizontal advection
was weak throughout the investigation period. The
time series station corresponded to the permanent
DYFAMED station (JGOFS-France, Buat-Ménard
and Lambert, 1993). 

The vertical distribution of cyanobacteria as well
as of pico- and nanophytoplankton populations were
studied through flow cytometric analyses. As a con-
sequence of the expected role of DVM, the study
was undertaken at the time scale of a few hours to
account for the effect of this repetitive phenomenon
with a good enough resolution. 

MATERIALS AND METHODS

Sampling site, schedule and general features

The DYNAPROC cruise (DYNAmics of rapid
PROCesses in the water column) was conducted on
board R.V. Le Suroit and R.V. Téthys-II during May
1995 in the open Ligurian Sea (northwestern
Mediterranean). Most of the measurements were
performed at a time series station (43°25.2 N, 7°51.8
E; 28 milles offshore), further referred as TSS (Fig.
1). From several types of observations, such as
ADCP (Acoustic Doppler Current Profiler) records
and CTD casts along a transect from the coast to the
TSS and on a 16-station grid centered on the TSS
(Fig. 1), it could be stated that horizontal advection
at the TSS remained weak throughout the observa-
tional period (Andersen and Prieur, 2000). The
changes in the observed parameters of the water col-

umn would have therefore involved redistribution of
properties in the water column rather than the effect
of horizontal advection events. The CTD was imple-
mented with an oxygen sensor and a fluorometer.

The cruise was divided into four legs. The pre-
sent study deals only with leg 2 (10 - 16 May) where
the different samplings for flow cytometric analyses
were achieved at the TSS or within less than one
nautical mile from it. This leg focused on the char-
acterization of autotrophic and heterotrophic
processes which can influence the vertical flux of
matter on short-time scales. During the period of
concern (leg 2), time (UTC) of sunrise varied from
0415h to 0410h; that of sunset from 1841h to 1845h.

Flow cytometry and phytoplankton biomass
estimation

Single cell analysis (see Demers, 1990, and ref-
erences herein) was run with the CYTORON
ABSOLUTE (ORTHO Diagnostic Systems) flow
cytometer, with a laser excitation wavelength at 488
nm, characterizing each cell by five optical parame-
ters: two diffraction parameters, forward and right
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FIG. 1. – Location of the investigated site in the northwestern
Mediterranean Sea. (H ) position of the time series station (TSS). 

(6) grid of 16 stations.



angle scatter, three fluorescence parameters related
to emissions in the red (> 620 nm), orange (565-592
nm) and green (515-530 nm) wavelength ranges.
Variations in counting with the CYTORON
ABSOLUTE varied by less than 3.7% (SD, n = 23)
over a range of concentrations extending one order
of magnitude. The dates and times (UTC) of the
reported samplings are given in Figure legends. Pre-
filtered (on 100 µm mesh size net) samples were
fixed with 2% paraformaldehyde (Trousselier et al.,
1995; see also Vaulot et al., 1989) and stored in liq-
uid nitrogen up to analysis. Just before analysis,
samples were rapidly thawed in a 30°C water bath
and fluorescent beads of 10 µm in diameter were
added in order to normalize the flow cytometer set-
ting and to provide a reference for concentration cal-
culations. Data were collected and stored in list-
mode with the IMMUNOCOUNT software
(ORTHO Diagnostic Systems). Cluster analyses
were run with the WINLIST software (VERITY
Software House Inc.). The flow cytometric analysis
was restricted to < 10 µm phytoplanktonic cells.
Four groups were resolved on the basis of the five
optical parameters characterizing each cell and iden-
tified as prochlorophytes, cyanobacteria, pico- and
nanoeukaryotes (Li, 1994). Cyanobacteria biomass-
es have been expressed in terms of carbon by using
the estimation of 250 fg C cell-1 (Kana and Glibert,
1987a,b; Campbell et al., 1994). 

Macroplankton and micronekton

A series of oblique hauls was performed in the
vicinity of TSS in the 0-1000 m water column. Zoo-
plankton samples were taken with a multiple open-
ing and closing net, the Bioness (Sameoto et al.,

1980), equipped with 500 µm mesh nets of a mouth
area of 1 m2. For the purpose of this paper, we only
consider the upper three strata sampled (250-150,
150-75 and 75-0 m), and the macroplankton and
micronekton species or taxonomic groups. Detailed
results are presented in Andersen et al. (submitted).
Average day and night densities in the 0-250 m
water column (ind. m-2) were calculated for each
species or group by combining the results of the four
midday hauls or the two midnight hauls performed
during the process legs (legs 2 and 4, 10-16 May, 26
May-1 June).

RESULTS

During the reported observational period (10-13
May), hydrological conditions were relatively stable
with a maximum fluorescence located at 30 m and a
thermocline at about 10 m (Fig. 2).

The flow cytometric analysis of phytoplanktonic
cells along vertical profiles revealed that cyanobac-
teria were largely the dominant population in terms
of cell concentration (Fig. 3). The cyanobacteria,
prochlorophytes and large eukaryotes (tentatively
identified as nanoflagellates) exhibited a well
defined peak in cell numbers at 30 m depth (Fig. 3),
before the upward vertical migration. A sharp
decrease was observed down to 50 m, reaching the
zero level at 75-100 m depth. 

The cyanobacteria vertical distribution in the
upper 200 m was also monitored over a 36 h cycle
with a 4 h frequency. Figure 4 shows the time varia-
tion of the cyanobacteria vertical distribution
through this cycle. During day-time, both on 11 and
12 May, cyanobacteria were largely grazed at 20 m,
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FIG. 2. – Time-depth distributions of potential temperature, salinity and chlorophyll a in the 0-90 m water column at the Time Series Station
(TSS) between 10 and 13 May. The graphs are derived from 18 CTD casts performed during this period (adapted from Andersen and Prieur, 

2000). Isolines are drawn at 0.2 intervals for temperature, 0.025 intervals for salinity and 0.3 intervals for chlorophyll.



but not deeper. At 20 m depth, the cyanobacteria
concentration dropped by 89% between 1200 and
1600h both on 11 and 12 May (Fig. 4). At the end of
the next interval, the population recovered to a level
of 55 and 72% of the abundance at 1200h on 11 and
12 May respectively. In contrast, at 30 m depth, the
cyanobacteria concentration exhibited an increase of
5% on 11 May and a decrease of 6% on 12 May and
further increased during the next interval by 35 and
10% respectively.

The cell concentration reached a maximum at
2000h at 30 m depth. The cyanobacteria population
then decreased to reach a minimum 8 hours later. It
is important to note that between 2000h and 2400h,
the cyanobacteria concentration at 30 m depth

dropped by 79% whereas it remained stable at 20 m.
In contrast, in the course of the next 4 hours, the
cyanobacteria concentration at 30 m remained sta-
ble, but the one at 20 m depth dropped to almost
zero (90% decrease). 

The temporal variation of cyanobacteria concen-
tration integrated over the upper 90 m is displayed in
Figure 5. The integrated cell content seems to oscil-
late around a mean value, of about 2 1012 cell m-2.
The cell reduction at night amounts to 2.13 1012 cell
m-2. The integrated chl a concentration did not
exhibit parallel variations (not shown).

The rate of abundance variation (τ, h-1) of the
cyanobateria has been calculated like a division rate
(µ) for each time interval of the integrated concen-
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FIG. 3. – Vertical distribution of phytoplankton belonging to the size fraction < 10 µm. Different scales of cell concentration have been used
to account for differences in abundance of the 4 resolved populations. Samples were collected on 10 May at 1500h from the N.O. Téthys II.

FIG. 4. – Time course of the vertical distribution of cyanobacteria over the 36 h cycle with a 4 h sampling frequency. The profile samples 
were collected from the N.O. Suroit on 11 an 12 May.



trations shown in Figure 5. The amplitude of these
variations is illustrated in Figure 6. The largest
changes of τ observed during the reported cycle 
(-0.21 to 0.27 h-1) occurred during night-time. Loss-
es in cyanobacteria during one period appeared to be
rapidly compensated in the following ones. 

The integrated losses of cyanobacteria over the
90 m upper water column during the night (from
2000h to 0400h) amount to 534 mg C m-2, which
is of the same order as the primary production
(497 mg C m-2) determined on 11 May (Vidussi et
al., 2000).

Diel vertical migrations

Average total number of individuals per square
metre for the 0-250 m water column was determined
for the macroplankton and micronekton individuals of
size > 5 mm. About 96% of the total number, day and
night results combined, were represented by four
groups: the euphausiids and the siphonophores (32-
35% each), and the pteropods and hyperiid amphipods
(14-15% each). The pteropod group was almost
exclusively composed of two thecosome species,
Cavolinia inflexa (~94%) and Clio pyramidata
(~5%). Night catches in the upper 250 m were signif-
icantly higher than day catches (t-test), with a ratio
night/day of 3.1-4.9 for siphonophores and euphausi-
ids, of 12 for amphipods and up to 30 for pteropods.
This suggests that most of these organisms migrated at
night and concentrated in the upper layers.

DISCUSSION

In terms of cell concentration, cyanobacteria were
the dominant population, in contrast with the report-
ed dominance of prochlorophytes in oligotrophic
areas of the Atlantic (Chisholm et al., 1988; Olson et
al., 1990) and Pacific Ocean (Campbell et al., 1994).
The dominance of cyanobacteria over prochloro-
phytes is in agreement with other observations in the
Mediterranean Sea (Vaulot and Partensky, 1991;
Vaulot et al., 1990; Martin, 1997). Due to the low
level of prochlorophyte abundance, the pigment zeax-
anthin can be considered as representative of the
cyanobacteria population. The pigment analysis
(Vidussi et al., 2000) indicated that the contribution
of cyanobacteria to the overall chlorophyll a concen-
tration amounted to only 11-12% during the reported
experiment, which may explain why cyanobacteria
abundance and chlorophyll a concentration do not
vary in parallel. Heterotrophic nanoflagellates are
known to feed on cyanobacteria. In a parallel investi-
gation during the DYNAPROC cruise (Pérez et al.,
2000), ciliates were shown to be most present at the
level of maximum fluorescence during day time.
They are likely to have contributed to the grazing of
cyanobacteria during that period, which is supported
by a positive relationship between depth integrated
values of their abundance and zeaxanthin concentra-
tion (Pérez et al., 2000). Cyanobacteria predation by
ciliates was expected from the food ration of ciliates
reported by Rassoulzadegan et al. (1988). The graz-
ing of cyanobacteria at night was larger than during
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FIG. 5. – Variation of the cyanobacteria concentration integrated 
over the 0-90 m upper layer during the 36 h cycle. 

FIG. 6. – Rate of variation (τ, h-1) of the cyanobacteria abundance
integrated over the 0-90 m upper layer during the 36 h cycle. Neg-
ative values mean that predation overruled cell division during the
referred interval. The abscisses of data points correspond to the 

midpoints of the time intervals for which τ is calculated.



day time. In contrast, dinoflagellates would undergo a
downward migration at night (Blasco, 1978; Passow,
1991; Vaqué, personal communication for the west-
ern Mediterranean) whereas part of the population of
heterotrophic ciliates migrated from the 20-30 m
depth to the surface (Pérez et al., 2000). This
enhanced predation occurring when a significant frac-
tion of the day time predators has left the level occu-
pied by cyanobacteria, strongly suggests that they
were the prey, to some extent, of daily migrant plank-
tonic species. Indeed, the DVM study supports the
invasion of the upper 250 m at night by the migrant
organisms, consistently with earlier observations at
the DYFAMED station by Andersen and Sardou
(1992) in May 90, and by Sardou and Andersen
(1993) in April 91. Among these migrant organisms,
the thecosome pteropods, swarming in the surface
layer at night, would shortcut the usual food web by
feeding directly on particles as small as 1 µm bacteria
(Gilmer, 1990). In fact, thecosome pteropods, such as
those observed during the DYNAPROC cruise, use
large external mucous webs to collect and ingest
small food items. Consequently, the related fraction
of the loss of cyanobacteria biomass (534 mg C m-2)
observed at night represents a potentially exported
biomass which should be accounted for when calcu-
lating carbon budgets. Such budgets should also
include grazed heterotrophs that were not considered
in the present estimation.
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