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INTRODUCTION

Due to their multiple roles in the functioning of
aquatic ecosystems (Azam et al. 1983, Kirchman 2000),
bacterial abundance and activities have been exten-
sively studied during the past years (Laybourn-Parry &
Parry 2000, Jurgens & Matz 2002, Sherr & Sherr 2002).

Among aquatic ecosystems, coastal areas, and espe-
cially estuaries, have received a great deal of attention,
because they often provide very important ecological,
recreational and economic resources (Costanza et al.
1997). Because of the increasing density of inhabitants
in coastal areas (Scialabba 1998), nutrient enrichment
leads to the eutrophication of a large number of these
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ABSTRACT: Temporal variability in bacterial communities was studied on a daily scale in the estuar-
ine part of the largest river on the West African coast, the Senegal River. Duplicate mesocosms (3 m3

volume) were placed in the upper part of the estuary at the end of the dry season (May 2002) and
treated with low and high inorganic nutrient (N and P) enrichment. High nutrient additions were
followed by a 7-fold increase in phytoplankton biomass and a 6-fold increase in bacterial abundance
after 4 and 9 d, respectively. Heterotrophic nanoflagellates (HNF) showed their maximal abundance
(1 × 106 ml–1) 2 d after the bacterial peak. The low bacteria to flagellate ratios recorded on Day 10 may
suggest enhanced bacterivory from HNF. Simultaneous measurements of growth and grazing rates
on bacteria during the bacterial growth phase were performed with the dilution method and seemed
to indicate that the HNF community was capable of quickly controlling bacterial development. How-
ever, estimates of the carbon demand of HNF during their growth phase (915 µg C l–1 d–1) appeared
to be more elevated than the bacterial carbon production (63% of the HNF carbon demand). To cover
HNF carbon requirements, an alternative/complementary prey might be the picophytoplanktonic
cells, which were very numerous during the study (i.e. 85% of the total phytoplankton count). During
the period of high grazing pressure, bacterial populations were characterized by higher specific
activity (from tritiated thymidine incorporation) and culturability (from plate counts). The presence
of very large bacteria, as detected by epifluorescence microscopy and flow cytometry measure-
ments, may be an escape response from flagellate grazing. 16S rDNA sequences from bacterial
isolates showed the presence of 2 types of taxonomic units (Vibrio natriegens– and Flexibacter
maritimus–like bacteria), which can be considered by their forms and growth rates to be strains that
have developed strategies to protect against grazing. Thus, as demonstrated in various temperate
systems, predation by HNF in estuarine tropical ecosystems may also be of importance in shaping the
structure and functions of the bacterial community.
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zones (e.g. Cloern 2001). One consequence of eutro-
phication is the increase in primary production and,
therefore, in fish or shellfish production in a large
number of estuarine areas (Nixon 1988, Albaret & Laë
2003). Another consequence of eutrophication is that
bacterial standing stocks and production are high in
estuaries when compared to other marine ecosystems
(Ducklow & Carlson 1992, Ducklow & Shiah 1993).
While mainly dedicated to temperate coastal areas, the
literature showed that the highest values of bacterial
abundance and production have been recorded in
tropical areas (Torréton et al. 1989, Arfi et al. 2002,
Murrel 2003, Troussellier et al. 2004). Nevertheless,
among tropical areas, African coastal and estuarine
waters have received little attention in connection with
both resources and increasing anthropic pressures.

The Senegal River is the larger river on the NW coast
of Africa. The Senegal River watershed covers nearly
335 000 km2 and spreads over 4 countries (Guinea, Mali,
Mauritania, Senegal). Despite its huge importance as a
water resource for human, animal and agricultural
needs, as well as for fisheries, only 1 recent study has
been dedicated to an estimation of the trophic status of
the Senegal River (Troussellier et al. 2004). Although in-
organic nutrient concentrations were low, microbiolog-
ical variables exhibited high values characterizing
eutrophicated coastal waters (Troussellier et al. 2004).

Information on the timescales of the variability of
bacterial development is rather scarce, especially for
shallow estuaries, which are very dynamic environ-
ments, subject to frequent drastic changes in hydrody-
namic conditions on a timescale of days (Iriarte et al.
2003). One central question in aquatic microbial
ecology involves the relative importance of resource
limitation, grazing and viral mortality on both the
functional and taxonomic diversity of bacterial com-
munities (Jürgens et al. 1999, Jürgens & Matz 2002). In
coastal eutrophic areas, the nature and availability of
inorganic and organic nutrients may play important
roles in the structure of bacterial communities. On the
other hand, ample evidence exists that heterotrophic
protists are generally the main grazers of bacterial
biomass, in both oligotrophic and eutrophic waters
(Vaqué et al. 1992, Storm 2000). Nevertheless, many
small and medium flagellates also have the potential to
graze on autotrophic picoplankton (Kuosa 1990). Stud-
ies that simultaneously measure changes in growth,
phylogenetic composition and in the morphological
properties of the bacterial community are just begin-
ning to be done. To elucidate these modifications, it
may, therefore, be necessary to perform experiments
in which the main control factors are studied. One of
the main advantages of a mesocosm study is that
mechanistic information on ecological processes can
be acquired by changing environmental conditions

that would alter unpredictably in a field study (Shiah &
Ducklow 1995). By using in situ floating mesocosms,
the present study was performed to examine, on
a daily scale, the temporal variability of bacterio-
plankton and its bottom-up (nutrient enrichment) and
top-down (grazing by heterotrophic flagellates) con-
trolling factors.

MATERIALS AND METHODS

Experimental design. The study was conducted in
the Senegal River estuary, in the south of Saint Louis
City at a fixed station named ‘Port des Polonais’ from
16 to 30 May 2002 (Fig. 1). This period, at the end of the
dry season, is characterized by stable environmental
conditions due to limited freshwater water inputs; the
salinity of the sampled area was close to 28 psu, and
the mean water temperature was 24.2°C (range: 22.3 to
26.1°C). Therefore, the Diama dam, located 27 km
upstream of Saint Louis City, was designed to prevent
the intrusion of saline water from the Atlantic Ocean
and to control the flow of the Senegal River during
flooding. The 4 mesocosms (polyethylene bags, 1.5 m
diameter × 2 m depth, 3 m3 volume) were randomly
filled with estuarine water. Low nitrogen (1 µmol l–1 of
a mixture of NaNO3/NH4Cl; 50%:50%) and phospho-
rous (0.1 µmol l–1 of KH2PO4) concentrations were
added to the control mesocosms (designated 0) to
avoid a decline of phytoplanktonic populations. Higher
N (20 µmol l–1) and P (2 µmol l–1) concentrations with
the same products were added to the nutrient treat-
ment mesocosms (designated N) to stimulate the activ-
ity of microbial populations. Same concentrations of
nutrients (see above) were added every 2 d. Water
samples were taken daily using a 2 m sampling tube
(3 cm diameter) that allowed the collection a depth-
integrated sample in each mesocosm. They were pro-
cessed within 1 h after collection, in field laboratories
located near the mesocosm location.

Nutrient analyses. Samples for dissolved inorganic
nutrient determinations (NO3-N, NH4-N, PO4-P) were
previously filtered onto Whatman GF/F fiberglass
filters, stored at –20°C and analyzed according to
Strickland & Parsons (1972).

Heterotrophic nanoflagellate counts. Subsamples
for determination of heterotrophic nanoflagellates
(HNF) were fixed with 2% formalin (passed through
0.2 µm pore-size filters) and enumerated from 4 ml
subsamples passed through black polycarbonate
membrane filters (0.8 µm pore size, 25 mm, Nucle-
pore). The flagellates were stained using DAPI fluo-
rochrome (final concentration: 20 µg l–1) for 15 min and
counted by epifluorescence microscopy (Olympus BX
60 microscope; magnification 1200×). Mean flagellate
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volumes were determined by measurement of cells
using an Olympus DP 50 camera mounted on the
microscope equipped with a Plan Neofluar 100×/1.3 oil
immersion objective. Images were acquired from a
camera (ANALYSYS software, Soft Imaging System)
housed in a computer. Cell volumes were estimated by
the equation of an ellipsoid.

Autotrophic flagellates were discriminated from
heterotrophs by the red autofluorescence of chloro-
phyll a observed under blue-light excitation. Data
presented in this paper only apply to heterotrophic
protozoans.

Bacterial community characteristics. Subsamples
for determination of bacterial abundances were fixed
with sterile formalin (2% final concentration, passed
through a 0.2 µm pore-size filter), stained with DAPI
fluorochrome (Porter & Feig 1980), passed through
black polycarbonate membrane filters (0.2 µm pore
size, 25 mm, Nuclepore) and counted with an Olympus
BX 60 epifluorescence microscope. Bacteria were mea-
sured using an Olympus DP50 camera (see above) and
were computed using the formula described by Black-
burn et al. (1998).

Bacterial activity was estimated through (methyl-3H)
thymidine incorporation into cold trichloroacetic acid
(TCA) precipitate (Fuhrman & Azam 1980). Duplicates
and 1 control (zero time) were incubated with (methyl-
3H)-thymidine (47 Ci mmol–1, Amersham) in the dark
at in situ temperature. The incubation time was 15 min,
with a final thymidine concentration of 20 nM, assum-

ing that isotope dilution can be prevented at this con-
centration (Robarts & Zohary 1993). Radioactivity was
counted by the liquid scintillation procedure, and
results are expressed as nanomoles of incorporated
thymidine per liter and per hour.

Flow cytometry analyses of the bacterial community
were performed on the basis of SYBR-Green I (Molec-
ular Probes) staining of bacterial cells following the
method described by Marie et al. (1997). Subsamples
were fixed with buffered formalin and immediately
stored in liquid nitrogen until analysis. For each sub-
sample, 3 replicate counts were performed with a
FACSCalibur flow cytometer (Becton Dickinson)
equipped with an air-cooled argon laser (488 nm,
15 mW). Stained bacterial cells, excited at 488 nm,
were enumerated according to their right-angle light
scatter (RALS) and green fluorescence (FL1) collected
at 530/30 nm. Fluorescent beads (0.94 µm, Poly-
sciences) were systematically added to each sample.
Different bacterial cell populations can be discrimi-
nated by variations in their increasing fluorescence
intensity (FL1) and their increasing scatter values
(SSC). Apparent biomass of these different cell popula-
tions was estimated following Troussellier et al. (1999).

Culturable heterotrophic bacterial counts were per-
formed for all mesocosms by plating 100 µl of raw
water or of decimal dilutions onto Marine Agar plates
(Difco medium). Primary isolates were obtained from
Marine Agar (Difco) spread-plate cultures of water
samples collected during the growth phase (T5) of the
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bacterial community in enriched mesocosms (N). Then,
isolates were purified by subsequent passage to
Marine Agar plates, and, when pure clones were ob-
tained, they were preserved both in Marine Agar tubes
and in liquid nitrogen (–196°C). Ten random clones
were selected for further genetic characterization.

Total DNA extraction of bacterial strains with the
DNA/RNA Extraction Mini Kit (QIAGEN) was per-
formed according to the manufacture’s protocol. The
16S rDNA loci were amplified using 1 primer pair: the
16F27 (5’-AGAGTTTGATCCTGGCTCAG-3’) primer
and the 16R1492 (5’-TACGGYTACCTTGTTACGACT-
3’) universal primer. PCR (polymerase chain reaction)
was carried out in 50 µl of reaction mixture containing
1× reaction buffer, 1× solution Q (both from QIAGEN),
1 µM of each primer, 200 µM dNTP (Gibco), 1 µl of
template and 2.5 U of Qiagen Taq polymerase. The
PCR reaction was realized in Mastercycler Gradient
(Eppendorf); the PCR conditions were as follows: 95°C
for 5 min (1 cycle); 94°C for 1 min, 50°C for 1 min and
72°C for 2 min (35 cycles); with a final extension step at
72°C for 10 min. The 16S rDNA amplified was se-
quenced using a ABI 3100 Avant Genetic Analyser (Ap-
plied Biosystems-Hitachi) with the reaction kit (PE) of
the ABI Prism Big Dye Ver. 3.1 Terminator Cycle Se-
quencer. To estimate the degree of similarity to other
16S rRNA, gene analysis of the obtained sequences was
performed using SIMILARITY_MATRIX, SEQUEN-
CE_MATCH and SEQUENCE_ALIGN from the Ribo-
somal Database Project II.

Phytoplankton analyses. Water samples for chloro-
phyll a analysis were passed through Whatman GF/F
filters and stored in liquid nitrogen. Chlorophyll a con-
centrations were determined fluorometrically after
methanol extraction (Yentsch & Menzel 1963). Phyto-
plankton counts were performed with the same flow
cytometer as the one used for bacteria (see above),
following Troussellier et al. (2004). Fluorescent beads
(0.94 µm and 2 µm) (Polysciences) were systematically
added to each sample. Different phytoplanktonic
groups were discriminated according to their fluores-
cence and scatter characteristics as previously de-
scribed (Troussellier et al. 1993). Only 2 phytoplank-
tonic groups have been considered in this study:
picophytoplanktonic and nanophytoplanktonic cells.

Bacterial growth and bacterivory. The bacterial
community growth (µ) and grazing (g) rates by HNF
were estimated using the dilution technique of Landry
& Hassett (1982). Three experiments were conducted
during the survey (T1, T3 and T8). From each meso-
cosm (N and 0, in duplicate), subsamples of freshly
collected water samples were pre-filtered through
60 µm-meshed gauze to exclude zooplankton. Using
0.22 µm filtered water from mesocoms, different di-
lutions were then performed. The ratios of original to

filtered samples were: 100:0, 75:25, 50:50 and 25:75.
Dilution series were incubated (24 h) in the mesocosms
from which the water was collected.

Ingestion (I, bact. HNF–1 h–1) and clearance (C, nl
HNF–1 h–1) rates of HNF were calculated according to
Davies & Sieburth (1984):

I =  g × Nbact/NHNF

where g is the grazing rate (h–1) and Nbact and NHNF are
the average concentrations of bacteria and HNF,
respectively; and:

C =  I/Nbact

RESULTS

Initial environmental conditions and microbial
community structure

During the sampling period, the flow of the river was
close to zero due to the retention of freshwater by the
Diama dam. The initial values of nutrient concentra-
tions appeared to be very low (NH4 = 0.60 µmol l–1,
NO3 = 0.20 µmol l–1 and PO4 = 0.30 µmol l–1), while the
mean value of chlorophyll a (9.6 µg l–1) was relatively
high during this period of the dry season (M. Bouvy
pers. comm.). The mean abundances of the different
types of microorganisms we measured at the begin-
ning of the experiments are reported in Table 1. Total
phytoplanktonic abundance as estimated by flow
cytometry was 1.34 × 105 cells ml–1. Among the phyto-
planktonic assemblage, picophytoplanktonic cells rep-
resented nearly 85% of the total count. Total bacterial
abundances rose to a mean of 4.35 × 106 cells ml–1, with
incorporation rates of 3H-thymidine close to 0.05 nmol
l–1 h–1. HNF were also very abundant, with a mean of
1.92 × 104 cells ml–1.

Responses of the microbial community to treatments

The responses of the microbial community were
statistically similar for the duplicates, with coefficients
of variation generally <37%, independent of the vari-
ables studied. Generally the highest coefficients were
observed at the end of the experiment (after 10 d).

Phytoplankton biomass and nutrients

When inorganic nutrients were added (N), there was
initially a large increase in phytoplanktonic biomass
(Fig. 2) during the first 5 d, with values of chlorophyll a
rising to 70 µg l–1. In the control mesocosms (0), there
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were no significant changes during the course of the
experiment.

Total and picophytoplankton abundances exhibited
no significant changes in the control mesocosms, while
they showed higher values in the enriched mesocosms
(Table 2). On Days 2 and 4 of experiments, the in-
crease in the enriched mesocosm was higher for total
abundances than for picophytoplankton cells, sug-
gesting that the initial increase in chlorophyll a values
was linked to an increase in nanophytoplankton cells.
Compared to the beginning of the experiment, where
they formed nearly 58% of the total abundance, the
proportion of picophytoplanktonic cells remained close

to this value in the control mesocosm, while it showed a
slight decrease in the enriched mesocosm (44 to 39%).

Nutrient concentrations remained higher in enriched
mesocosms (N), where they were added in a contin-
uous way and showed an increase once the phyto-
plankton bloom decreased (Fig. 2). Nitrate concentra-
tions fluctuated for both treatments, similar to those
described for ammonium concentrations, with the
highest values recorded at the end of the experiment
(close to 20 µmol l–1, data not shown).
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Variable Mean SD

N-NH4 (µmol l–1) 0.6 0.3
N-NO3 (µmol l–1) 0.2 0.3
P-PO4 (µmol l –1) 0.3 0.3
Chlorophyll a (µg l–1) 9.6 0.8
Total phytoplanktonic 1.34 × 105 1.19 × 104

abundance (cells ml–1)
Picophytoplanktonic 7.75 × 104 5.89 × 103

abundance (cells ml–1)
HNF abundance (cells ml–1) 5,76 × 104 8.17 × 103

Total bacterial abundance 4.35 × 106 8.80 × 105

(cells ml–1)
Culturable bacterial 9.55 × 103 9.50 × 102

abundance (cells ml–1)
Proportion of culturable 0.23 0.03
bacterial cells (%)

3H-Thy incorporation rate 0.046 0.026
(nmol l–1 h–1)

3H-Thy incorporation per 1.02 0.54
bacterial cell (10–20 mol cell–1 h–1)

Table 1. Estuarine water and microbial community charac-
teristics at the beginning of the mesocosm experiments. Mean
and standard deviation values were computed from the initial
values (T0) of the different variables measured in the 4 meso-

cosms (n = 4) (HNF, heterotrophic nanoflagellate)

Fig. 2. Changes in mean values of nutrients (NH4 and PO4)
and chlorophyll a concentration in the control (0) and 

enriched (N) mesocosms

Time Total Pico- Bacteria HNF µ g I C
(treatment) phytoplankton phytoplankton (cells ml–1) (ind. ml–1) (d–1) (d–1) (bact. HNF–1 h–1) (nl HNF–1 h–1)

(cell ml–1) (cells ml–1)

T2 (0) 1.14 × 105 6.59 × 104 3.07 × 106 6.88 × 104 0.76 1.04 1.93 0.630
T2 (N) 2.00 × 105 8.35 × 104 3.42 × 106 1.31 × 105 2.04 2.29 2.49 0.728
T4 (0) 1.34 × 105 7.36 × 104 3.50 × 106 4.87 × 104 0.62 1.01 3.02 0.863
T4 (N) 2.06 × 105 8.99 × 104 7.29 × 106 1.32 × 105 2.00 2.27 5.20 0.714
T9 (0) 9.53 × 104 3.71 × 104 6.83 × 106 1.39 × 105 0.63 0.45 0.92 0.135
T9 (N) 1.13 × 105 7.32 × 104 2.54 × 107 9.65 × 105 0.99 0.74 0.81 0.032

Table 2. Phytoplankton (total and picophytoplankton), bacterial and heterotrophic nanoflagellate (HNF) abundances in the
mesocosms at different times (T2, T4 and T9) of dilution experiments, in control (0) and enriched (N) mesocosms. At each time
for both mesocosms, bacterial growth (µ) and grazing (g) rates of bacterial community were estimated by the dilution method; 

ingestion rates (I) and filtration rates (C) were calculated from bacterial and HNF abundances
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Dynamics of bacterial and HNF communities

Compared to the moderate increase observed in con-
trol mesocosms (0), there was a large change in bacterial
abundances when nutrients (N) were added (Fig. 3).
Bacterial abundance gradually increased to reach max-
imal values of 2.54 × 107 cells ml–1 after 9 d of experi-
ment. Then, they decreased to their initial abundance
level at the end of the experiment. The ratio between the
tritiated thymidine incorporation and the total number of
bacterial cells gives an estimate of the mean specific
activity of bacterial cells during the experiment (Fig. 3).
No variation in specific activity was observed during the
experiment in the control duplicates (0). Two periods of
increased specific activity were observed in the enriched
mesocosms; the first increase was at the beginning of the
experiment, with a maximum value on Day 6 (13.4 ×
10–20 mol cell–1 h–1). Then, after a weak decrease, there
was a second very large increase, with a maximum on
Day 12 (34.5 × 10–20 mol cell–1 h–1). HNF counts showed
a weak increase in the control mesocosms (0) during the
experiment (from 5.2 × 104 to 1.6 × 105 cells ml–1). In the
enriched mesocosms (N), a limited increase was ob-
served during the first 2 d of the experiment (Fig. 4).
However, after Day 6, HNF densities sharply increased,
reaching a maximum of abundance (1.1 × 106 cells ml–1)
10 d after the beginning of the experiment (Fig. 4). The
initial ratio between bacterial and HNF counts was 73 ±
13 (mean ± SD). During the experiments the ratio exhib-
ited large changes (Fig. 4), especially in the enriched
mesocosm (between 11 and 168). These changes were
similar in all treatments until Day 8; first, there was a
drastic decrease for 2 d, followed by an obvious increase
until Day 6, after which a drastic decrease took place
again. Then, the ratio increased more or less regularly in
the control mesocosms (0), while it decreased further to
a minimal value (11) in the enriched mesocosms (N). This

very low ratio in N mesocosms was obtained on Day 12,
just after the peak in HNF abundance.

Growth and grazing rates of bacteria

The growth rate of bacteria and grazing rate of pro-
tozoans on bacteria, as estimated from dilution experi-
ments, are reported in Table 2. The experiments were
performed for the control (0) and nutrient-enriched (N)
mesocosms at times T2 (after 2 d), T4 (after 4 d) and T9
(after 9 d). The 3 sampled times corresponded to the
lag, the early growth and the final growth phases of
the bacterial dynamics. Most of the dilution experi-
ments did not show large changes in apparent µ-
values for the low dilution ratios. This may be due to
the low ratio between bacterial and HNF abundances,
i.e. the grazing pressure of HNF on bacteria has only
been significantly reduced for the highest dilutions. In
these cases we adjusted the linear regression model
only for apparent µ-values that showed a linear rela-
tionship with dilution ratios. Growth rates remained
stable in the control mesocosms (0), with values rang-
ing between 0.62 and 0.76 d–1 (Table 2). In the
enriched mesocosms (N), higher net growth rates were
estimated, ranging between 0.99 and 2.04 d–1 at T9
and T2, respectively. There was a close correspon-
dence between growth- and grazing-rate values. Low
growth-rate values observed in the control or at the
beginning of treatments were associated with low
grazing-rate values. Higher net growth- and grazing-
rate values were observed in the N treatment, espe-
cially at T2 and T4. Ingestion rates of bacteria by HNF
showed their highest values on Day 4, in both types of
mesocosms (Table 2). Typically, HNF ingest between
3 and 5 bacteria h–1, and can filter between 0.73 and
0.86 nl HNF–1 h–1.
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Size-class structure of bacterial communities

Size-class structure of bacterial communities was
estimated from flow cytometry (FCM) data. Five dis-
tinct bacterial populations were discriminated on the
basis of their scatter and fluorescence values. Mean
side-scatter values of these different populations are
reported in Table 3. The existence of these quite dif-
ferent flow cytometric size classes was confirmed by
epifluorescence microscopy (Fig. 5), which showed the
presence of a large diversity of bacterial cell sizes.

The abundance and the apparent biomass of the dif-
ferent FCM populations in control (0) and enriched (N)
mesocosms are illustrated in Fig. 6. Increase of bacte-
rial abundance in the enriched mesocosms (N) was a
consequence of the growth of the smaller cells (bact-A
population). The largest cells showed (bact-E popula-
tion) only a limited change in numbers and were
always a small fraction of the total abundance (<1%).
However, despite their low numbers, the largest cells
showed the largest apparent biomass at the beginning
of the experiment. When nutrient addition was low
(0 mesocosms), large cells also formed the highest bio-
mass during most of the experiment. In enriched meso-
cosms (N), while the largest cells (bact-E population)
formed the highest biomass during the first days of the
experiment (up to Day 4), the smaller or intermediate
sized cells became the dominant population in terms of
biomass from Day 8 on (Fig. 6).

Culturable bacteria

Culturable counts on Marine Agar (colony-forming
units, CFU) performed for both treatments showed that
the proportion of culturable cells remained low in the
control (0), while there was a very large increase of the
proportion of these cells in the enriched mesocosm (N)
(Fig. 7). This percentage reached nearly 25% of the
total count on Day 14. Unfortunately, we were not able
to perform culturable counts between Days 8 and 14,
and it may be that a higher value was obtained during
this period. The maximum proportion of CFU was not
obtained when total counts were the highest on Day 6

(see Fig. 3), but during the decline phase linked to the
grazing impact of HNF. This period also corresponded
to an important phase of bacterial specific activity, with
the highest values recorded on Days 12 and 14. From
the Marine Agar plates, 10 strains were isolated during
the experiment and then sequenced. The phylogenetic
position of these strains (SEN-1 to -10) is reported in
Fig. 8. The strains were distributed into 2 clear groups:
6 strains belonged to the Vibrio cluster, and 4 strains, to
the Cytophaga–Flavobacteria–Bacteriodes (CFB) clus-
ter. Among the Vibrio cluster, 4 (SEN-1, -3, -6 and -7)
of the 6 strains were closely related to V. natriegens, 1
(SEN-2) was close to the V. natriegens/vulnificus
group and the last (SEN-5) was related to a more
diverse Vibrio sp. group. The 4 CFB-related strains are
included in a cluster that contains 3 different genera
(Cytophaga, Tenacibaculum, Flexibacter).

DISCUSSION

The abundances and activities of different micro-
organisms recorded in Senegal estuarine waters, e.g.
picophytoplankton, heterotrophic flagellates and bac-
teria, represented some of the highest values pub-
lished for temperate or tropical coastal systems
(Troussellier et al. 2004).

Enrichment experiments in mesocosms have shown
that, at least for the time period considered, nitrogen,
phosphorus or both limited the growth of bacterial
communities. A bacterial growth phase was clearly
observed in enriched mesocosms, compared to non-
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A B C D E

Mean 0.024 0.110 0.275 0.650 5.346
SD 0.005 0.029 0.041 0.105 1.122
CV (%) 23 27 15 16 21

Table 3. Side-scatter characteristics of the different bacterial
populations discriminated by flow cytometry. Raw values
were divided by the side scatter of 0.96 µm beads that were

added to each sample

Fig. 5. Photomicrographs by epifluorescence microscopy of
a DAPI-stained sample from the enriched mesocosm at
T6. Note the presence of (1) both very small and large
bacterial cells, (2) vibrioid-shaped cells and (3) flagellates.

Scale bar = 10 µm
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development in the control mesocosms. However, the
bacterial growth phase occurred after phytoplankton
growth. Thus, it may be that bacteria were not only
limited by inorganic nutrients, but also by organic
carbon, which may originate from phytoplankton
(bottom-up control). This colimitation has already been
demonstrated in many reservoirs characterized by low
in situ nutrient concentrations (e.g. Carlsson & Caron
2001, Bouvy et al. 2004).

Simultaneous to the increase of the bacterial growth
rate due to nutrient enrichment, grazing-rate values
also increased, which provided the first evidence for
the close coupling of bacterial and HNF dynamics in
this estuary. While the dilution method has been
criticized, especially in connection with grazing-rate
estimates (Vaqué et al. 1994, Dolan et al. 2000), we
think that the high HNF:bacterium ratios observed in

the mesocosms provided the prerequisites
for successful use of the dilution method.
Ingestion and clearance rates per HNF
were among the lowest values to be
reported from different marine and fresh-
water environments (e.g. Carlough &
Meyer 1991, Sanders et al. 1992). The min-
imum ingestion rate of only 0.81 bacteria
HNF–1 h–1 established on Day 9 corre-
sponded with the maximum HNF abun-
dance (close to 106 ind. ml–1), and higher
ingestion rates were observed during the
bacterial growth phase on Day 4. Sanders
et al. (2000) reported abundances of HNF
typically ranging from ca. 102 to 104 cells
ml–1, in both marine and freshwater
planktonic communities, but occasionally
exceeding 105 ml–1 in extremely eutrophic
waters and on marine snow particles. The
ratio of bacterium to flagellate abundances
was one of the lowest (11 to 251) recorded
in the literature (Sanders et al. 1992, Gasol
et al. 1995), and confirms that the grazing
process is a major factor in controlling the
bacterial standing stock in these estuarine
waters (top-down control). Despite the high
grazing rates, the ingestion rates on bacte-
ria by HNF were low, suggesting that HNF
can ingest other picoplanktonic organisms.
To explore this hypothesis, the carbon
demand of the HNF community has been
estimated using the ‘apparent growth rate
of HNF’ (in the presence of their predators)
on Day 9 (3.76 × 105 HNF ml–1 d–1). If we
assume an average cell volume of 3.32 µm3

for the HNF community (n = 83), a biovol-
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ume to carbon conversion factor of 0.22 pg C µm–3

(Borsheim & Bratbak 1987) and a gross growth effi-
ciency of 30% (Sherr & Sherr 1984), HNF community
growth would necessitate 915 µg C l–1 d–1. This esti-
mate is certainly a minimum carbon demand of the
HNF community, due to the probable underestimation
of their growth rate. Knowing that HNF ingested
19.44 bact. HNF–1 d–1 (see Table 2, Day 9), total inges-

tion of bacterial carbon would only be 419 µg C l–1

d–1, assuming an average bacterial cell volume of
0.099 µm3 (n = 554) and a biovolume to carbon
conversion factor of 0.2 pg C µm–3 (Simon & Azam
1989). Thus, the ingestion rates of bacteria by HNF
would only represent a fraction (<45.8%) of the
total carbon demand of the HNF community.
Another approach can be applied to verify this
conclusion, using values based on the tritiated
thymidine incorporation rate. If we apply a conver-
sion factor of 1.50 × 1018 cells mol–1 to convert the
rates of thymidine incorporation into the bacterial
biomass production from the dilution growth
experiment (data not shown), the same average
bacterial cell volume and the same biovolume to
carbon conversion factor (see above), the daily
average bacterial production can be estimated at
561 µg C l–1 d–1, corresponding to only 61.3% of
the carbon demand of HNF on Day 9. Thus, these
2 independent approaches demonstrated that
bacteria satisfied only ca. 50 to 60% of the HNF
carbon demand during their growth phase. Conse-
quently, the HNF community must ingest another
type of prey to satisfy their carbon demand. In a
previous paper, Troussellier et al. (2004) showed
that the phytoplankton community of the Senegal
River estuary is characterized by a dominance of
pico-sized cells. Their abundances, enumerated
by FCM (close to 105 cells ml–1), appeared to be
among the highest reported in the literature
(Maggazu & Decembrini 1995, Vaquer et al. 1996).
The high proportion of picophytoplankton in the
Senegal River estuary was indicative of a primary
producer community adapted to low nutrient con-
centrations. In the present experiment we also
showed that picophytoplanktonic cells were very
abundant (3.7 to 9.0 × 104 cells ml–1). They could
also constitute edible prey for the HNF commu-
nity, considering that most pelagic HNF are omni-
vores feeding on different trophic levels (Boenigk
& Arndt 2002).

The hypothesis that the HNF community relies
on the existence of 2 types of prey may also be
supported by the size-class distribution of the HNF
community (Fig. 9). On Day 9, there were 2 distinct
populations of HNF: a population of small organ-
isms characterized by a mean volume of 1.45 µm3

(min. = 0.95, max. = 2.07, SD = 0.33) and a population
of larger organisms characterized by a mean volume of
3.63 µm3 (min. = 2.15, max. = 5.68, SD = 0.86). These 2
distinct populations, both characterized by a normal
distribution (Kolmogorov–Smirnof test), might be
explained by differences in species composition and/or
as the result of the dividing process. Whatever the
reason, and in accordance with other studies (e.g.
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Samuelsson & Andersson 2003, Vaqué et al. 2004), we
suggest that the smallest HNF (<2 µm) were the main
consumers of bacteria and that the medium and largest
size classes can use picophytoplanktonic cells as prey
to satisfy their carbon requirements.

As a consequence of the high HNF grazing pressure,
the structure of bacterial assemblages exhibited differ-
ent features. In the grazing phase, we observed an
increase in the mean specific activity of bacterial cells
and an increase in the proportion of culturable cells.
The maximum specific activity values (30 to 35 ×
10–20 mol cell–1 h–1) estimated in the enriched meso-
cosms were among the highest reported in the litera-
ture (Troussellier et al. 2004). Solic & Krstulovic (1994)
also observed a higher thymidine incorporation per
bacterial cell in the presence of predators. In fact, the
high grazing pressure exerted by HNF may both stim-
ulate bacterial growth by supplying dissolved organic
matter through excretion (Taylor et al. 1985) and select
for the bacterial populations with the highest growth
rates. Therefore, high grazing pressure on bacteria
was followed by high bacterial growth, enhancing
turnover of bacterial biomass. The high proportion of
culturable cells was also amongst the highest percent-
ages recorded in marine coastal waters. High per-
centages of culturable cells seemed only to occur in
enriched environments (Fukami et al. 1985, Lebaron et
al. 2001). This may be the consequence of (1) the selec-
tion of culturable species and/or (2) the selection of
active cells versus dormant or less active cells, the last
of these being grazed and disappearing at least for a
given time from the community.

The limited number of sequenced culturable strains
isolated from Senegal estuarine waters does not, of

course, allow us to analyze the composition of the cul-
turable bacterial community, but it does allow us to
identify at least 2 kinds of species with different poten-
tial strategies for resisting grazing pressure. Strains
related to the Vibrio genus, and especially to Vibrio
natriegens, can be considered bacteria with a very fast
growth potential (Eagon 1962). This property, com-
bined with the relatively small size of these cells, may
allow these strains to escape grazing pressure. The
selection of bacterial populations with a high division-
rate strategy under flagellate predation has already
been demonstrated in experimental systems (Pern-
thaler et al. 1997). Strains of the CFB cluster may use
another resistance strategy to grazing. Flexibacter
species are known to form large filaments (Hahn et al.
1999), which could protect these bacteria from flagel-
late grazing. This grazing resistance mechanism has
already been reported, but not in a systematic way
(Posch et al. 1999), and mainly in activated sludge
plant or eutrophic freshwater ecosystems (Wagner et
al. 1994, Sommaruga & Psenner 1995, Hahn et al. 1999,
Jürgens et al. 1999, Langenheder & Jürgens 2001). The
presence of elongated cells in marine environments is
only observed in controlled experiments in coastal
waters (Shiah & Ducklow 1995, Havskum & Hansen
1997, Troussellier et al. 1999), and not in oligotrophic
waters (Jürgens et al. 2000).

We can hypothesize that the dominance of 1 of the 2
kinds of grazing-resistant bacterial populations may be
driven by the nutrient level of the system. To be
able to have high division rates Vibrio natriegens–like
bacteria must have a non-limited nutrient environment.
Filamentous CFB-like bacterial populations, once they
reach a size at which they are no longer edible, do not
require high growth and division rates. In coastal waters
one may expect that nutrient concentrations will be
heterogeneous, both in space and time, according to dif-
ferent causes (nutrient inputs, proportion of aggregates,
nutrient regeneration processes, etc.). Thus, Vibrio-like
populations exhibit large and quick changes in numbers,
while CFB-like populations show slower, but more per-
sistent, dynamics. This hypothesis was supported by the
dynamics of bacterial populations detected by flow cyto-
metry. First, a large diversity in the different size classes
(5 classes) was observed. It was also noted that, when no
nutrients were added, the largest cells (such as Flexi-
bacter spp.) formed the highest proportion of bacterial
community biomass. Adding nutrients, stimulated the
growth of smaller cells (such as V. natriegens), which
then often formed the dominant biomass. As concluded
by Gasol et al. (2002), it is evident that sufficient nutrients
must be available for protozoans to cause changes in the
composition of the bacterial community.

The results of this study added to the concept that
predation is an important force in shaping the struc-
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ture and function of the bacterial community (e.g.
Jürgens & Matz 2002). However, our results suggest
that bacterial communities were not the only prey HNF
used to satisfy their carbon requirements during their
growth phase. In fact, the HNF community exerts a
high grazing pressure on all picoplankton microorgan-
isms, including picophytoplankton, which were pre-
sent in large numbers in this ecosystem due to their
ability to use low concentrations of inorganic nutrients,
as is the case in the Senegal estuary. It may be that the
HNF community is characterized by 2 distinct popula-
tions (in terms of size class according to cell volume)
and, in a more general way, that heterotrophic flagel-
lates can use both heterotrophic bacteria and pico-
phytoplankton or switch between the 2 types of prey,
which would explain the large abundances of HNF
populations observed in the Senegal River estuary.
However, it is difficult to establish the details of preda-
tor pressure on bacteria due solely to flagellates when
larger protists are also present. Indeed ciliates can also
be important bacterivores, as has been reported for
estuarine environments by Vaqué et al. (1992). Further
experiments will be needed to more precisely deter-
mine the impact of ciliates on flagellates and bacteria,
and also to identify the feeding pressure on the micro-
bial food web by various mesozooplankton present in
the Senegal River estuary.
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