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Abstract

The trophic relationships between metazooplankton and natural particles were studied in May 2002 in the Senegal River Estuary (16 �N,
16 �W) in low water conditions (dry season). Environmental factors, micro-organism and metazooplankton were analyzed through sampling
at a fixed station. Gut fluorescence measurements of and field experiments on zooplankton metabolism were also performed. Chlorophyll a con-
centrations ranged from 6.5 to 10.2 mg l�1. The phytoplankton was dominated by picoplanktonic cells (83e94% of total numbers). The partic-
ulate organic carbon (1.2e2.7 mg l�1) originated for a large amount from organic detritus (20e70%). The zooplankton biomass was dominated
by Cirripedia larvae and calanoid copepods (Acartia clausi, Temora stylifera and Paracalanus spp.). These taxa showed diel vertical migrations
and maximal gut fluorescence at night, independently of tidal effects. Metabolic budgets show that their daily ingestion rates on phytoplankton
(27e55% of body carbon weight) were insufficient to balance their respiration needs (40e51% of body carbon) and suggest that a selective
feeding upon micro-heterotrophs (Heterotrophic NanoFlagellates, HNF) and/or detritus would be necessary to complete their energetic needs.
The daily grazing pressure of metazooplankton represented only 5% of the in situ chlorophyll a and 14% of the primary production, but this
pressure was mainly orientated towards nanophytoplankton. The daily recycling of nutrients by the metazooplankton excretion was rather
high (83 and 46% of the in situ NH4-N and PO4-P concentrations, respectively). Therefore, the impact of metazooplankton on phytoplankton
through top-down (grazing) and bottom-up (nutrient recycling) processes seemed substantial in this tropical estuary.
� 2005 Elsevier Ltd. All rights reserved.

Keywords: bacteria; HNF; zooplankton; grazing; nutrient recycling; Senegal River Estuary
1. Introduction

Grazing exerted by zooplankton is one of the key factors
controlling composition and dynamics of phytoplankton com-
munities in aquatic ecosystems (Sterner, 1989; Kagami et al.,
2002). Abundance, production, size and nature of phytoplank-
ton cells available for feeding are also known to control
strongly the dynamics of zooplankton communities (Mauch-
line, 1998). In this two-way relationship, planktonic microbial

* Corresponding author.

E-mail address: pagano@ird.sn (M. Pagano).
! Deceased, dedicated to him.
0272-7714/$ - see front matter � 2005 Elsevier Ltd. All rights reserved.

doi:10.1016/j.ecss.2005.10.018
organisms (bacteria, micro-heterotrophs) and organic detritus
are now considered as very important because they may influ-
ence the main trophic way(s) and the transfer efficiency be-
tween micro-organisms (autotrophs or heterotrophs) and
zooplankton (Winkler et al., 2003; Dagg et al., 2004; Stibor
et al., 2004). Microbial components can be alternate food sour-
ces when non-edible phytoplanktonic species are blooming
(Buskey et al., 2003). Incorporation of organic detritus by zoo-
plankton can be important in turbid and detritus-rich environ-
ments like river plumes (Pagano et al., 1993; Dagg et al.,
2004) or estuaries (Heinle et al., 1977; Tackx et al., 2003),
where phytoplankton cells represent a minor fraction of partic-
ulate organic carbon (POC). If inorganic resource inputs drive
the limits for primary production, the herbivorous zooplankton
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can also regulate this production through direct consumption
(Calbet et al., 2003) and nutrient recycling. Excretion could
offset grazing effects by stimulating phytoplankton, particu-
larly in nutrient-limited conditions (Elser and Goldman, 1991).

In estuarine and coastal areas, although clear relationships
were evidenced between nutrient load and primary production,
studying phytoplankton dynamics requires information on bi-
otic and abiotic factors and on their interactions (Pinckney
et al., 2001). Most ecological studies on these ecosystems
were performed on temperate areas (Capriulo et al., 2002; Kim-
merer, 2002), whereas studies on tropical or subtropical estuar-
ies are scarce (Murrel and Lores, 2004). In West Africa, in situ
and experimental studies performed in the Senegal River Estu-
ary (SRE) during a low nutrient period showed the high abun-
dance of picophytoplankton and the high abundance and
activity of bacterioplankton (Troussellier et al., 2004). Bouvy
(pers. comm.) revealed the high carbon transfer through the mi-
crobial loop and showed experimentally that the metazooplank-
ton could have cascading effects on microbial organisms
through direct consumption and/or predation. This suggests
that in the SRE, the heterotrophic pathway could be more impor-
tant for sustaining metazooplankton production than the auto-
trophic way. Nutrient limitation conditions for phytoplankton,
and particularly for nanophytoplankton, were also evidenced
experimentally (Troussellier et al., 2005) and therefore, meta-
zooplankton excretion could be an important nutrient source
for phytoplankton.

In this context, our study based on a combination of field
and experimental works aims (1) to assess the trophic transfers
between the main constituents of the SRE planktonic ecosys-
tem, (2) to compare the relative importance of autotrophic and
heterotrophic pathways for metazooplankton and (3) to evalu-
ate the impact of metazooplankton on micro-organisms
through grazing and nutrient recycling.

2. Methods

2.1. Study site and sampling strategy

The SRE is a 50 km long water body globally orientated
northesouth along the Atlantic coast between the Diama
dam and the river mouth in the Atlantic Ocean (Fig. 1). After
the flood period (JulyeNovember), the dam is closed to pre-
vent salinity increase of upstream water. Then, salinity in
the estuary increases progressively as the thermo-haline strat-
ification vanishes. At the end of the low water period (Maye
June), the estuary is mainly under tidal influence and a
homogeneous water-body oscillates between the river mouth
and the dam. The site was studied in low water conditions,
from May 15 to May 29, 2002 at a fixed station located near
Saint-Louis in the middle of the estuary (16 �N, 16 �W). The
survey began in ending spring tide conditions (average tidal
coefficient of 71 from May 15 to 17), continued in neap tide
(average coefficient of 65 from May 18 to 23) and ended in
spring tide (average coefficient of 92 from May 24 to 29).
Environmental factors and biological variables (phytoplankton,
micro-heterotrophs and zooplankton abundance, gut fluores-
cence of zooplankton taxa) were measured:

(1) daily between 08:00 and 10:00 from May 15 to May 29,
(‘‘daily survey’’); sampling occurred at ebb tide until
May 21 and at flood tide afterwards (Fig. 2A),

(2) at a 3-h interval from May 26 at 09:00 to May 27 at 09:00,
(‘‘24-h cycle’’); sampling was homogeneously distributed
between ebb and flood tides and between dark and light
periods (Fig. 2B).

Additional gut fluorescence measurements were performed
at night between 20:00 and 22:00 in five occasions (May 20,
21, 24, 25 and 28) in order to complete the comparison of
day and night feeding activity. Five experiments (May 16,
21, 23, 25 and 28) were conducted to measure the respiration
and excretion rates of metazooplankton.

2.2. Environmental factors

Current velocity and direction were measured using a down-
ward-looking 3 MHz Sontek ADP (Acoustic Doppler Profiler)
installed on a buoy anchored in the river bed (average
depth¼ 7 m). The profiler has three acoustic beams oriented
at an angle of 25 � to the vertical. It was configured to integrate
for 300 s during the whole deployment. The cell size was fixed
to 0.2 m, with the first bin at a depth of 0.4 m, the last one
0.5 m above the bottom. Due to the tide variation, 28 (low
tide) to 30 (high tide) cells were measured. The ADP compass
was corrected for the local magnetic declination in post-
processing. Speed of sound at the transducer was calculated
using measured temperature and a constant salinity of 28.

Temperature, salinity and fluorescence were measured on
vertical profiles using a Sea Bird Electronics recorder
(SBE19 CTD). Water samples were collected using a Niskin
bottle at three depths: �0.5, �4 and �6.5 m. Ammonia con-
centrations were measured spectrophotometrically and nitrate,
nitrite and phosphate concentrations were measured with
a Technicon AutoAnalyser according to the methods detailed
in Strickland and Parsons (1972).

Suspended solids were determined on pre-weighted What-
man GF/F filters. After filtration, filters were rinsed twice
with distilled water, dried (105 �C, 48 h) and then weighted.
Particulate Organic Matter (POM) was determined after sub-
tracting the ash-weight measured on the same filters after com-
bustion at 550 �C during 10 h. POC was deduced from POM
using a ratio of 0.4 (Bamstedt et al., 2000).

2.3. Primary producers

Chlorophyll a concentrations (cells retained on Whatman
GF/F filters) were determined after methanol extraction
(Yentsch and Menzel, 1963) on a Turner Design AU-5 fluorom-
eter. Phytoplanktonic cells were enumerated by flow cytometry
following Troussellier et al. (1999) while phytoplanktonic
groups were discriminated according to their fluorescence and
scatter characteristics as described in Troussellier et al.
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Fig. 1. The Estuary of the Senegal River. Map of the study site.
(1993). Cells excited at 488 nm were detected and enumerated
according to their right angle light scattering properties and
their orange (585/42 nm) and red fluorescence (>650 nm)
emissions related to phycoerythrin and chlorophyll pigments,
respectively. Fluorescent beads (diameter: 0.94 mm and 2 mm;
Polysciences Inc., Warrington, PA) were added to each sample
for calibration. Thus, the ratio of mean fluorescence of a cellu-
lar population to that of 0.94 mm fluorescence beads was
used to normalize cell fluorescence emission and scatter
values between samples. Acquisition and analysis of flow
cytometry data were done using CellQuest software (Becton
Dickinson).

Potential phytoplankton production was estimated daily
around noon using the the 14C-uptake method. Replicate
125-ml light and dark glass bottles filled with surface water
(since the water column was not stratified) and NaH14CO3

(specific activity 3.7 MBq mmol�1, CEA, France) were incu-
bated in situ for 2 or 3 h. After incubation, samples were fil-
tered onto Whatman GF/F filters, rinsed with 2% HCl and
then with filtered estuarine water. Radioactivity was measured
by liquid scintillation on a Beckman LS 5000, equipped with
external standard. Gross productivity was integrated using the
trapeze method over the reconstituted depth from the light at-
tenuation coefficient measured in the field. Hourly production
was extrapolated to daily values using daily irradiance (pyr-
anometer records, unpublished data) and the ratio [light re-
ceived during incubation time]/[light received over the total
day].
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2.4. Microbial components

Abundance and biomass of bacteria and heterotrophic nano-
flagellates (HNF) were determined by standard techniques us-
ing the DAPI fluorochrome and epifluorescence microscopy.
Mean bacterial and HNF volumes were determined by mea-
surement of up to 100 cells using an Olympus DP 50 camera
(ANALYSYS software, Soft Imaging System, GmbH) mounted
on an Olympus BX 60 epifluorescence microscope equipped
with a Plan Neofluar 100�/1.3 oil immersion objective. For
volume calculation, bacteria were considered as shaped like
cylinders with hemispheric ends and flagellates as ellipsoid.
Ciliates were determined from Lugol’s fixed samples by in-
verted microscopy at 200e400� magnification; their volumes
were estimated from standard geometric shapes. Biomass of
the different organisms was calculated using literature conver-
sion factors: bacteria, 0.2 pg C mm�3 (Simon and Azam, 1989);
heterotrophic flagellates, 220 fg C mm�3 (Borsheim and Brat-
bak, 1987); ciliates, 190 fg C mm�3 (Putt and Stoecker, 1989).

2.5. Metazooplankton

Metazooplankton was collected using a cylindro-conical
net (30 cm aperture, 100 cm height, 64-mm mesh size) equip-
ped with a General Oceanics flowmeter and towed obliquely.
Samples were preserved in 5% buffered formaldehyde.
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Fig. 2. Meridian component (Vn) of the tidal current speed during the daily

survey (A) and during the 24-h cycle (B). The black circles indicate sampling

times.
Organisms were identified from subsamples using wide bore
piston pipettes (0.5e5 ml). At least 300 individuals of the
main taxa were counted on each subsample; the rarest taxa
were estimated on the whole sample. Individual weights of
most taxa were estimated from their size measured under a dis-
secting microscope (objective 50�, ocular 10�). Organism
carbon weights were estimated using literature lengtheweight
relationships (Uye, 1982; Mauchline, 1998).

Grazing rates of the dominant metazooplankton taxa were
estimated using the gut fluorescence technique (Mackas and
Bohrer, 1976). Animals were collected using a cylindro-conical
net (30 cm aperture, 100 cm height, 200-mm mesh size) towed
obliquely. The use of a 200-mm mesh size (which collects
efficiently most of the dominant taxa) facilitated the quick
constitution of animal sets. Immediately after collection,
the organisms were anaesthetized by addition of CO2-
saturated filtered water. At the laboratory (i.e. 1 or 2 h after
sample collection), Cirripedia larvae, Acartia clausi, Temora
stylifera and Paracalanus spp. were sorted and grouped in
taxonomic sets of 20e250 individuals according to their
size. Gut pigments were then extracted in 90% acetone for
12 h, and measured after centrifugation (2500 rpm) on
a Turner Design AU-5 fluorometer. The pigment gut contents
(G) were expressed as ng chlorophyll a equivalent ind.�1 (or
mg C�1), assuming a molar conversion efficiency of chloro-
phyll a to phaeophorbide of 67% (Dam and Peterson,
1988). Short-term ingestion rates (I¼G� k� 60) expressed
as mg Chla ind.�1 h�1, were calculated from G values and
the gut filling rates (k, min�1) were estimated from the k
vs temperature relationship established by Dam and Peterson
(1988) and modified by Dam (in Bamstedt et al., 2000). The
ingestion rates of the other metazooplankton taxa (I in
mg Chla ind.�1 h�1) were estimated from their average indi-
vidual weight (W in mg C) using a I vs W relationship estab-
lished from the average values obtained for the four
dominant taxa during the 24-h cycle: I¼ 0.211Wþ 0.150,
r¼ 0.98, p¼ 0.035.

The daily ingestion rate (ng Chla mg C�1 d�1) was obtained
by integrating discrete values over the 24-h cycle. Since only
daytime values were calculated during the daily survey, the in-
gestion rates for each taxa were corrected for diel variations
using the [mean value]/[9 a.m. value] ratio calculated during
the 24-h cycle. The daily ingestion rates were also expressed
in mg C mg C�1 d�1 using a carbon:chlorophyll a ratio of 60
(Bamstedt et al., 2000).

The clearance rates (F¼ I� Chl), expressed in ml ind.�1 h�1,
were estimated from ingestion rates (I ) and in situ chlorophyll a
concentration (Chl) assuming a 100% filtering efficiency on
chlorophyll particles.

The daily metazooplankton community grazing rate
(mg Chla l�1 d�1) was obtained by summing the grazing rates
(ingestion rate� abundance) calculated for each taxa. Abun-
dance values for the daily survey were corrected for diel var-
iations using the [mean abundance]/[9 a.m. abundance] ratio
of the 24-h cycle. The community grazing rate was compared
to the in situ depth-integrated chlorophyll a concentration or to
the primary production consumed.
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2.6. Zooplankton metabolism experiments

The experiments were performed with metazooplankton
collected after sunset using the 200 mm mesh-sized net. We
used the >200 mm metazooplankton fraction (>90% of the
biomass) to minimize the introduction of non-zooplankton
items in the experimental sets. After collection and sorting,
homogeneous sets of metazooplankton were incubated for
24 h in 300 ml flasks filled with water from the sampling sta-
tion, filtered through a 0.2 mm membrane to remove biological
particles which could interfere with the ammonia or phospho-
rus dynamics during the incubation time. Two experimental
flasks (with animals) and two controls (same water without an-
imals) were prepared and incubated in the dark, at ambient
temperature. At the end of the experiment, subsamples were
siphoned for O2 measurements (YSI 57 probe corrected for sa-
linity) and for NH4-N and PO4-P analyses (as described
above). Animals from experimental flasks were transferred
in a 5% formaldehyde solution for enumeration and measure-
ments in order to calculate the zooplankton carbon biomass as
described above. Excretion and respiration rates were calcu-
lated from the differences between experimental and control
bottles. Metabolic rates were expressed per day and per zoo-
plankton carbon weight units.

The daily metazooplankton community nutrient regenera-
tion rate (mM PO4-P or NH4-N l�1 d�1) was calculated by
multiplying mean excretion rates by the metazooplankton
abundance (corrected for diel variations using the [mean abun-
dance]/[9 a.m. abundance] ratio of the 24-h cycle). It was also ex-
pressed as a percentage of the in situ concentration of nutrients.

2.7. Data processing

Two-way ANOVA was used to test the dayenight or tidal
effects on organism abundance or gut fluorescence during
the 24-h cycle. BravaisePearson correlation coefficient, com-
puted after logarithmic transformation of variables [log
(xþ 1)] to tend towards normal distribution (Kolmogorove
Smirnov test), allowed to describe the relationship between
the different variables.

3. Results

3.1. Environmental factors

During the sampling period, the river flow was nil and the
current only resulted from wind and tidal effects; its velocity
varied from 0 to 22 cm s�1 during the neap tide and between
0 and 27 cm s�1 during the spring tide, with comparable maxi-
mal values at ebb and flood tides (Fig. 2). Temperature
(25e27 �C) and salinity (28.8e31.3) showed low vertical strat-
ification. Nutrient concentrations were low (Table 1). NH4-N
and PO4-P concentrations ranged from 0 to 0.45 mM l�1 and
Table 1

Mean, minimum and maximum values for main environmental variables, primary production and abundance and biomass of micro-organisms during the daily

survey and the 24-h cycle. UD, undetectable; ND, not measured

Data Unit Daily survey 24-h cycle

Mean Min Max Mean Min Max

Salinity 28.7 27.4 29.8 28.9 28.6 29.3

Temperature �C 24.2 23.1 25.7 25.6 25.1 25.9

PO4-P mM 0.08 UD 0.39 0.04 UD 0.11

NH4-N mM 0.18 UD 0.45 0.58 0.30 1.45

NO3-N mM 0.13 UD 0.43 0.03 UD 0.07

NO2-N mM 0.07 UD 0.13 0.08 0.07 0.10

Suspended solids mg l�1 15.9 8.4 27.8 23.1 18.3 27.8

Inorganic fraction % 68.0 59.6 72.6 73.8 72.1 75.7

Organic fraction % 32.0 27.4 40.4 26.2 24.3 27.9

POC mg l�1 1.90 1.18 2.71 2.38 2.05 2.71

Primary production mg C m�2 d�1 1259 740 1761 1266

Phytoplankton 106 ind. l�1 77.3 66.2 95.0 ND

%Picophytoplankton 58.9 54.8 64.9

Chlorophyll a mg l�1 10.6 8.1 12.6 9.0 7.7 10.3

Bacteria 106 cells ml�1 6.2 3.0 10.9 7.6 5.4 10.9

mg C l�1 104 50 183 127 91 183

HNF 106 ind. l�1 68 38 95 70 38 104

mg C l�1 59 33 83 61 33 90

Ciliates ind. ml�1 39 39 40 ND

mg C l�1 70 69 70 ND

Autotrophic Ca mg C l�1 638 487 753 543 464 615

Living organismsb mg C l�1 845 634 959 ND

%POC 47 29 81

a Chlorophyll a� 60.
b Sum of bacteriaþHNFþ ciliatesþ autotrophic C.
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from 0 to 0.39 mM l�1, respectively; both variables featured
their highest concentration on May 18. Suspended solids varied
from 8 to 28 mg l�1 and included 60e73% of inorganic matter.

3.2. Phytoplanktonic organisms

Two classes of phytoplanktonic cells were determined by
flow cytometry. Picoplanktonic cells (diameter< 2 mm, class
1) were the most abundant, representing 83e94% of total
abundance (Table 1). This size-distribution on the three sam-
pling depths showed little variation during the survey. Phyto-
plankton total abundance varied between 66 and
95� 106 cells l�1, and chlorophyll a concentration between
8.1 and 12.6 mg l�1 (Table 1). Primary production ranged
from 700 to 1800 mg C m�2 d�1 (Table 1). The highest values
were recorded at the end of the survey (May 25e29).

Important variations in chlorophyll a concentrations were
observed during the 24-h cycle, with an obvious decrease at
night (from 18:00 to 03:00) followed by an increase after
dawn (Fig. 3A). A two-way ANOVA revealed that both daye
night and tidal effects could explain this pattern (Table 2).

3.3. Heterotrophic micro-organisms

During the daily survey, the bacterial abundance varied from
3� 106 to 11� 106 cells ml�1, which corresponded to biomass
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Fig. 3. Time-variations during the 24-h cycle of chlorophyll a concentration

(A) and of bacterial and heterotrophic nanoflagellates (HNF) (B).
comprised between 50 and 180 mg C l�1 (Table 1). The HNF
density ranged from 38 to 95� 103 ind. l�1 and their biomass
ranged between 30 and 90 mg C l�1. HNF and bacteria showed
opposite variations. The lowest HNF values and the highest
bacteria numbers were observed during the spring tide. Abun-
dance of heterotrophic ciliates which was measured only on
two samples (39 and 40 ind. l�1 on May 21 and 29, respectively)
corresponded to a biomass close to 70 mg C l�1. Average biovo-
lumes of bacteria, HNF and ciliates were: 0.084� 0.008 mm3,
3.95� 0.85 mm3 and 9332� 500 mm3, respectively.

During the 24-h cycle, there was a clear decrease of the
bacterial biomass and a slight increase of the HNF biomass
at night (Fig. 5B). Bacterial biomass changes were explained
by both dayenight and tidal effects, whereas HNF variations
were only linked to dayenight effect (Table 2).

3.4. Particulate organic carbon (POC)

POC varied between 1.2 and 2.7 mg C l�1 (Table 2). The
sum of the living components (phytoplankton, bacteria, HNF
and ciliates) represented between 630 and 940 mg C l�1, i.e.
between 30 and 80% of the POC.

3.5. Metazooplankton

Metazooplankton was dominated by Cirripedia larvae and
the copepods Oithona brevicornis, Acartia clausi, Temora styl-
ifera and Paracalanus spp. which represented more than 80%
of the zooplankton biomass (Table 3). During the daily survey,
the total abundance varied from 5 to 50 ind. l�1 and the biomass
from 3 to 26 mg C l�1. Generally, total zooplankton biomass as
well as the biomass of the main taxa was lower during the neap
tide period than during the spring tide period, with the lowest
and highest values recorded on May 20 and May 27, respec-
tively. During the survey, metazooplankton had no correlation

Table 2

Two-way ANOVA on dayenight and tidal effects on biological variables dur-

ing the 24-h cycle. Risk ( p) values for F. Day values are from 09:00 to 18:00

(on May 26) and night values from 21:00 to 06:00. N¼ 8, degrees of freedom

are 1 for the tested factors and 4 for the error. Bold characters indicate signif-

icant effect ( p< 0.05)

Variable Dayenight Tide Dayenight� tide

Chlorophyll a 0.003 0.048 0.362

Bacteria 0.000 0.042 0.235

HNF 0.043 0.203 0.083

Bacteria/HNF 0.006 0.404 0.137

Abundance

Total zooplankton 0.016 0.055 0.408

Acartia clausi 0.396 0.598 0.432

Temora stylifera 0.025 0.021 0.568

Paracalanus spp. 0.094 0.293 0.314

Oithona brevicornis 0.100 0.096 0.779

Cirripedia larvae 0.002 0.015 0.060

Gut fluorescence

Acartia clausi 0.032 0.788 0.942

Temora stylifera 0.003 0.781 0.617

Paracalanus spp. 0.098 0.401 0.715

Cirripedia larvae 0.002 0.562 0.776
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Table 3

Mean values (and range) for zooplankton abundance and biomass during the daily survey and mean day and night biomass during the 24-h cycle

Daily survey 24-h cycle

Day (9 a.m.)

(ind. l�1)

Day (9 a.m.)

(mg C l�1)

Day

(mg C l�1)

Night

(mg C l�1)

Night/day

ratio

Total 15.50 (4.51e50.45) 8.71 (3.04e26.39) 15.02 66.72 4.4

Copepod nauplii 3.64 (0.13e10.71) 0.36 (0.01e1.07) 0.71 1.66 2.3

Paracalanus spp. 0.97 (0.11e2.37) 1.13 (0.12e2.76) 1.20 3.85 3.2

Temora stylifera 0.18 (0.03e0.58) 0.84 (0.15e2.70) 0.80 2.57 3.2

Acartia clausi 0.08 (0.01e0.36) 0.25 (0.02e1.07) 0.29 0.51 1.8

Candacia spp. <0.01 (0.00e<0.01) <0.01 (0.00e0.01) <0.01 0.02 6.2

Oithona brevicornis 7.46 (1.79e29.14) 1.63 (0.37e6.47) 3.13 8.77 5.5

Euterpina sp. 0.01 (0.00e0.06) 0.01 (0.00e0.03) 0.01 0.03 2.7

Chaetognath 0.15 (0.00e0.48) 1.07 (0.00e3.37) 3.08 7.12 2.3

Appendicularian 0.04 (0.00e0.39) 0.01 (0.00e0.05) 0.01 0.02 1.9

Larvae

Cirripedia 2.95 (0.14e10.03) 3.40 (0.44e11.28) 5.78 42.12 31.8

Gasteropod <0.01 (0.00e<0.01) <0.01 (0.00e<0.01) <0.01 0.01 57.9

Polychaete <0.01 (0.00e0.04) <0.01 (0.00e0.02) <0.01 <0.01 1.4
with total phytoplankton chlorophyll and HNF, but displayed
significant relationships with nanophytoplankton (r¼�0.67,
p< 0.01, n¼ 15) and bacteria (r¼ 0.63, p< 0.05, n¼ 15).

During the 24-h cycle, all zooplankton taxa showed their
highest biomass at night, with night/day ratios ranging from
1.4 (polychaete larvae) to 57.8 (gastropod larvae) (Table 3).
Among the most abundant copepods, the three calanoids
(Acartia clausi, Temora stylifera and Paracalanus spp.)
peaked at 03:00 (Fig. 6A), whereas the small cyclopid Oithona
brevicornis peaked at 06:00 (Fig. 4B). Two peaks of abun-
dance were observed at 21:00 and 03:00 for the Cirripedia lar-
vae (Fig. 4B). The two-way ANOVA showed only a significant
dayenight effect for total zooplankton, whereas both daye
night and tidal effects were significant for Cirripedia larvae
and T. stylifera (Table 2). No significant interaction was ob-
served between tidal and dayenight effects.

3.6. Gut fluorescence and feeding rates of the main
metazooplankton taxa

During the daily survey, the mean gut fluorescence of Acar-
tia clausi, Temora stylifera, Paracalanus and Cirripedia larvae
measured each day between 09:00 and 11:00 ranged from 0.02
to 0.05 ng Chl mg C�1 (Table 4) and showed no clear temporal
variation. The night values were significantly higher than the
corresponding day values (t-test on paired data, p< 0.05,
n¼ 5). Clear diel variations were noted during the 24-h cycle,
with maximal gut fluorescence at night (Fig. 5). The signifi-
cance of dayenight variations was confirmed by the two-
way ANOVA for A. clausi, T. stylifera and Cirripedia larvae,
whereas no significant tidal effect was found (Table 2).

Either during the 24-h cycle or over the daily survey, the
Cirripedia larvae displayed higher average specific gut fluores-
cence than copepods. The lowest values were observed for Te-
mora stylifera (Table 4).

During the 24-h cycle, the average specific chlorophyll a in-
gestion rates ranged from 5.6 (Temora stylifera) to 9.4
(Cirripedia larvae) ng Chl mg C�1 d�1 (Table 4). Daily carbon
ingestion rates on autotrophic organisms represented 34e
56% of body carbon weight. Clearance rates ranged from
0.7 to 1.1 ml mg C�1 d�1. Similar average rates were found
for the daily survey based on daytime values corrected for
diel variations.
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Table 4

Mean (�standard deviation) values for specific gut fluorescence, chlorophyll a ingestion rate, autotrophic carbon ingestion rate and clearance rate of the four stud-

ied taxa. N, number of data

Period N A. clausi T. stylifera Paracalanus Cirripedia larvae

Gut fluorescence (ng Chl mg C�1)

24-h cycle 9 0.06� 0.01 0.04� 0.03 0.05� 0.02 0.07� 0.04

Survey (day) 15 0.05� 0.04 0.02� 0.01 0.04� 0.02 0.05� 0.02

Survey (night) 5 0.08� 0.04 0.06� 0.02 0.07� 0.03 0.19� 0.11

Chlorophyll a ingestion rates (ng eq Chla mg C�1 d�1)

24-h cycle 9 7.19� 1.83 5.59� 3.08 6.04� 2.87 9.37� 5.06

Survey 15 7.30� 4.62 4.50� 1.73 4.63� 2.35 9.15� 2.85

Carbon ingestion rates (mg C mg C�1 d�1)

24-h cycle 9 0.43� 0.11 0.34� 0.18 0.36� 0.17 0.56� 0.30

Survey 15 0.44� 0.28 0.27� 0.10 0.28� 0.14 0.55� 0.17

Clearance rates (ml mg C�1 d�1)

24-h cycle 9 0.82� 0.27 0.65� 0.42 0.69� 0.36 1.09� 0.68

Survey 15 0.73� 0.59 0.43� 0.18 0.45� 0.25 0.88� 0.30
The influence of phytoplanktonic food abundance (chloro-
phyll a and phytoplankton numbers) on the gut fluorescence
(G) for the four taxa was tested using correlation coefficients.
During the daily survey, there was no significant correlation
between G and phytoplankton abundance (total, pico or nanophy-
toplankton). Correlation was negative between chlorophyll a
and G for Acartia clausi (r¼�0.53, p¼ 0.043, n¼ 15) but
not significant for the other taxa ( p> 0.05). During the 24-h
cycle, significant negative relationships were found between
chlorophyll a and G for A. clausi (r¼�0.67, p¼ 0.038), Te-
mora stylifera (�0.87, p¼ 0.002) and Cirripedia larvae
(r¼�0.84, p¼ 0.005).

3.7. Respiration and excretion rates of metazooplankton

The assemblages incubated in the experimental jars were
dominated by Cirripedia larvae and copepods (Table 5). Res-
piration rates ranged from 1.1 to 1.6 mg O2 mg C�1 d�1.
When expressed as carbon values using a respiratory quotient
(RQ) of 0.9 (Mauchline, 1998), these rates represented 35e
54% of body carbon per day. Excretion rates ranged from
3.5 to 5.1 nM NH4-N mg C�1 d�1 and from 0.39 to
0.51 nM PO4-P mg C�1 d�1. Atomic metabolic ratios showed
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Fig. 5. Time-variations of the gut fluorescence during the 24-h cycle.
low variability, with mean values of 20 for O:NH4-N, 9.1 for
NH4-N:PO4-P and 183 for O:PO4-P.

3.8. Metabolic budgets

When compared to the respiration rates calculated for the
total zooplankton and expressed in the same unit, the ingestion
rates on autotrophic material for the three dominant copepod
species appeared insufficient to balance their metabolic require-
ments for respiration (Fig. 6A). For Cirripedia larvae, the aver-
age ingestion rate was slightly higher than the upper limit of the
confidence interval for the respiration rates, but the confidence
intervals of the two rates overlapped. If we assume that meta-
zooplankton organisms could incorporate other available food
sources (such as HNF, ciliates or organic detritus) at the same
rate (i.e. with the same clearance rate F ) as phytoplankton,
we can estimate, for each taxa, the ingestion rates on these food
sources, by multiplying the F values (summarized on Table 4)
by the biomass of each food category (summarized in Table 1).
Ingestion hardly balanced respiration when considering a ration
based on phytoplankton and micro-heterotroph (Fig. 6B). The
budget was fully balanced for Cirripedia larvae and, at a lower
degree, for Acartia clausi in the case of a diet including the
organic detritus (Fig. 6C). However, even in this most favorable
case, the lower confidence limit for carbon ingestion of Temora
stylifera and Paracalanus spp. was within the range of the con-
fidence interval of respiration, suggesting that the budget was
not always fully balanced for these species.

3.9. Grazing pressure

The cumulated zooplankton grazing during the 24-h cycle
corresponded to 5.1% of the average in situ chlorophyll a con-
centration and to 14% of the average primary production
(Table 6). During the daily survey, the zooplankton grazing
rate ranged from 0.06 to 1.13 mg Chl l�1 d�1, which cor-
responded to 0.5e11% of the in situ chlorophyll a, and
2.7e33% of the primary production per day. This grazing
pressure could also remove 0.5e11% of the HNF or ciliate
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Table 5

Metabolism experiments: zooplankton biomass and composition per experimental flask. Daily specific rates for respiration (Resp.), ammonia (ENH4
) and phosphate

(EPO4
) excretion. Atomic ratios measured in each jar during the five experiments. Cir, cirriped larvae; Cop, copepods

Date Experimental zooplankton Metabolic rates

(mg C�1 d�1)

Atomic ratios

(at/at)

mg C l�1 %Cir %Cop Resp. (mg O2) ENH4

(nM NH4)

EPO4

(nM PO4)

O/N N/P O/P

16-May 582 76.3 19.0 1.60 5.06 0.51 19.8 10.0 198.0

769 60.7 36.9 1.43 4.36 0.48 20.5 9.0 185.0

21-May 100 70.9 29.1 1.05 3.40 0.39 19.3 8.7 168.0

95 63.0 37.0 1.38 4.46 0.44 19.3 10.2 197.0

23-May 128 45.5 54.5 1.48 4.36 0.51 21.1 8.6 181.2

165 63.3 36.7 1.36 4.66 0.47 18.3 9.8 179.7

25-May 473 85.1 12.2 1.28 4.00 0.44 20.0 9.0 180.3

421 89.0 8.5 1.32 4.08 0.47 20.3 8.6 175.2

28-May 502 63.5 34.8 1.17 3.57 0.42 20.6 8.6 176.3

594 55.4 43.9 1.16 3.47 0.39 20.9 8.8 184.0

Mean 383 67.3 31.2 1.32 4.14 0.45 20.0 9.1 182.5

SD 243 13.3 14.3 0.16 0.54 0.04 0.9 0.6 9.3
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biomass, if we assume (as above) that the clearance rate on
these organisms and on micro algae are equivalent. The zoo-
plankton grazing rate was not correlated with chlorophyll a,
primary production or HNF but it was negatively correlated
with the abundance (r¼�0.63, p¼ 0.016, n¼ 15) or the per-
centage (r¼�0.67, p¼ 0.012, n¼ 15) of nanophytoplankton
and positively correlated with the percentage of picophyto-
plankton (r¼ 0.56, p¼ 0.038, n¼ 15).

3.10. Nutrient recycling

During the 24-h cycle, the daily integrated nutrient recy-
cling through zooplankton excretion was equivalent to 30
and 59% of the in situ NH4-N and PO4-P concentrations,
respectively (Table 6). During the daily survey, zooplankton
excretion ranged from 0.03 to 0.30 mM NH4-N and from
0.00 to 0.03 mM PO4-P d�1, which represented 11e450%
(mean¼ 83%) and 1e205% (mean¼ 47%) of the in situ
NH4-N and PO4-P concentrations, respectively. In any of the
two considered periods, the recycling rates of NH4-N and
PO4-P were correlated with the respective concentrations in
these nutrients ( p> 0.05).

Table 6

Zooplankton grazing pressure and nutrient recycling. Average estimates during

the 24-h cycle and the daily survey

24-h cycle Daily survey

Mean Min Max

Daily grazing pressure

mg Chla l�1 d�1 0.42 0.34� 0.25 0.06 1.13

%Phytoplankton biomass 5.1 3.2� 2.5 0.5 11.1

%Primary production 14.4 6.7� 4.8 1.7 22.6

Daily nutrient recycling

mM NH4-N d�1 0.16 0.10� 0.07 0.03 0.30

%In situ NH4-N 30.3 83.0� 109.2 11.2 450.2

mM PO4-P d�1 0.02 0.01� 0.01 0.00 0.03

%In situ PO4-P 59.5 46.9� 62.5 1.4 205.8
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4. Discussion

4.1. Diel vertical migrations and feeding rhythms

Clear diel variations of abundance were observed during
the 24-h cycle since most taxa were present with very little
numbers in the water column during the day. These variations
could reflect tidal effects as observed by Dauvin et al. (1998),
who showed that the semi-diurnal tidal current was the domi-
nant factor in determining the short-term changes in zooplank-
ton abundance and composition in the Seine River Estuary
(France). They could also reflect diel vertical migration
(DVM); in this case, during the day, the animals were probably
located very close to (or burrowed into) the sediment as ob-
served in other shallow brackish tropical environments
(Kouassi et al., 2001). Finally, these variations could also re-
sult from both phenomena as observed in other estuarine envi-
ronments (Barans et al., 1997; Kimmerer et al., 2002; Hampel
et al., 2003). In our study, it is difficult to analyze this aspect in
detail on the basis of only one 24-h sampling period, per-
formed in a given tidal context. However, our results show
that the DVM effect was globally more important than the
tide effect (significant dayenight effect but no tidal effect
for total zooplankton in the ANOVA). In addition, the absence
of significant interaction between tidal and dayenight effects
suggests that the tidal vertical migration, described by Dauvin
et al. (1998) probably did not occur in our study.

The main zooplankton taxa (Acartia clausi, Temora styli-
fera, Paracalanus spp. Cirripedia larvae) showed a clear diel
pattern in gut fluorescence, characterized by a nocturnal in-
crease. Therefore, they featured diel feeding rhythms (DFR)
as classically observed for most herbivorous zooplankton spe-
cies in various environments (Mauchline, 1998). However,
there was no clear association between DFR and DVM and be-
tween these patterns and the vertical distribution of food parti-
cles in the water column. Indeed, during the 24-h cycle (May
26e27) the algal food was vertically distributed rather homoge-
neously and no significant positive relationships were observed
between in situ chlorophyll a concentration and gut pigment
content. Therefore, the diel variability observed in gut contents
for these organisms in the SRE was unlikely to result from con-
tinuous feeding in vertically stratified food environments as
also evidenced by Dam and Peterson (1993) for the copepod Te-
mora longicornis. It probably resulted from an increase of feed-
ing activity at night, which could reflect endogenous rhythms.

4.2. Feeding rates and carbon requirement by
zooplankton and possible trophic links

Expressed as carbon unit, the average daily specific inges-
tion rates on phytoplankton for Acartia clausi, Temora stylifera,
Paracalanus spp. and Cirripedia larvae (0.44, 0.27, 0.28 and
0.56 mg C mg C�1 d�1, respectively) were within the range of
values summarized by Mauchline (1998) for co-generic cope-
pod species (0.14e1.50 mg C mg C�1 d�1). They seemed low
as compared to those obtained by Kouassi et al. (2001) for
A. clausi in a tropical brackish lagoon, with the same gut
fluorescence technique (0.37e1.66 mg C mg C�1 d�1). Gener-
ally, ingestion rates of zooplankton in tropical waters are in av-
erage higher than in temperate waters, partly because the
metabolic requirements of these poikilotherm organisms are
higher at high temperature. In our study, the daily respiration
rates of total zooplankton were high and represented 40e51%
of body carbon weight. These high rates are in agreement
with other high values reported for tropical zooplankton. For
example, Gerber and Gerber (1979) and Pagano and Saint-
Jean (1994) reported respiration values for mixed zooplankton
from tropical lagoons representing 55e88% of body C d�1.

In our study, the four studied taxa did not balance their met-
abolic needs for respiration with a ration containing only phy-
toplankton. These metabolic budgets were hardly better
balanced when considering a ration including heterotrophic
micro-organisms (ciliates and HNF), grazed at the same clear-
ance rate (no food selectivity). Therefore, in order to meet their
metabolic needs and produce organic matter, these organisms
have probably to ingest organic detritus in abundance, and/or
to feed selectively upon micro-heterotrophs. Any of these as-
sumptions suggest the existence of a strong omnivory within
the metazooplankton in this estuarine ecosystem. The low her-
bivory level is probably linked to the phytoplankton composi-
tion, dominated by picoplanktonic cells, which are not easily
edible for the large zooplankton considered in our study (cope-
podites and adults of calanoids, Cirripedia larvae). A parallel
experiment performed on the same organisms (Bouvy, pers.
comm.) showed that picophytoplankton cells were poorly
grazed by Acartia clausi, Temora stylifera and Cirripedia larvae
but were actively ingested by flagellates, which in turn were
consumed by ciliates that clearly served as prey for T. stylifera.
These experimental results argue for a selective feeding of co-
pepods upon micro-heterotrophs (HNF, ciliate and even bacte-
ria) in field conditions. The fact that metabolic budgets were not
always balanced, when considering a mixed ration including
phytoplankton, micro-organisms and detritus grazed at the
same clearance rate, also argues in this sense. In the same
way, metabolic O:N ratio< 24, indicating a protein-oriented
metabolism (Ikeda, 1974), suggested a degree of carnivory
for these metazoan organisms. The microbial and the detrital
trophic ways appear complementary for the herbivorous chain
in the SRE. The role of micro-heterotrophs in the metazoo-
plankton ration (as well as selective feeding upon these prey)
was shown in several studies dealing with estuarine environ-
ments (Gasparini and Castel, 1997; Vincent and Hartmann,
2001; Rollwagen Bollens and Penry, 2003). Bacteria are prob-
ably partly incorporated by smaller metazoans (e.g. nauplii of
copepods), as shown for example by Turner and Tester (1992)
and Bouvy et al. (1994). Finally, the role of the organic detritus
as food complement for copepods was evidenced in highly
loaded detrital environments (Poulet, 1976; Heinle et al., 1977).

4.3. Grazing impact and nutrient recycling by
zooplankton

The daily grazing pressure of metazooplankton (0.5e11% of
the in situ chlorophyll a concentrations and 2e23% of the
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primary production) seemed low in comparison with values
mentioned for other African estuaries. Kibirige and Perissinotto
(2003) have reported zooplankton grazing rates corresponding
to 17e69% of chlorophyll a per day in a South African tempo-
rarily open estuary. Therefore, the impact of zooplankton graz-
ing on the dynamics of the phytoplankton in the SRE would be
low, as also suggested by the absence of significant relationship
between grazing and chlorophyll a during the daily survey.
Other mortality factors would explain the variations of phyto-
plankton abundance, as predation by microzooplankton which
can remove 12e131% of the phytoplankton stock and up to
265% of the primary production in coastal waters (references
summarized by Sherr and Sherr, 2002). Protozooplankton can
have a higher grazing impact on phytoplankton than metazoo-
plankton, particularly in coastal or estuarine waters (Froneman,
2002; Calbet et al., 2003; Liu and Dagg, 2003). In our study, the
low grazing pressure of metazooplankton on algae is probably
due to the size-structure of the phytoplankton community, which
is dominated by picoplanktonic organisms, too small to be
grazed efficiently, as also observed by Froneman (2002) in a tem-
perate South African estuary. In the SRE, the estimated grazing
pressure was mainly orientated towards large cells, as suggested
by the negative correlation between the zooplankton grazing
rate and the abundance (or relative abundance) of nanophyto-
plankton. Thus the zooplankton impact on the size-composition
of the phytoplankton was probably effective. Assuming that the
zooplankton consumption is exerted exclusively (or mostly) on
the nanophytoplankton which represented 6e17% of cell num-
bers (or 30e50% of the biomass), the daily grazing pressure
would represent up to 35% of the biomass of this edible fraction.
This estimate is in agreement with other studies carried out in
coastal or estuarine waters, showing the strong grazing impact
on the nano or the microphytoplankton. For example, Liu and
Dagg (2003) estimated that up to 86% of the production of
>20 mm phytoplanktonic cells was consumed by mesozoo-
plankton in a station off the plume of the Mississippi River.

Recycling of nutrients by metazooplankton excretion was
not negligible since this process represented, on average per
day, 83% (11e450%) and 46% (1e205%) of the in situ concen-
trations for NH4-N and PO4-P, respectively. When applying
Redfield’s ratios to the values of primary production, these con-
tributions could satisfy 10% of the N requirements and 75% of
the P requirements for the phytoplankton growth. Estimates of
nutrient regeneration through excretion by zooplankton, partic-
ularly for coastal or estuarine tropical waters, are scarce in the
literature. Atkinson and Whitehouse (2001) estimated that co-
pepods and small euphausiids excrete at least one third of the
ammonium potentially required by phytoplankton in the upper
mixed layer of Antarctic waters. Bode et al. (2004) estimated
that the phytoplankton demand for ammonium was closely
matched by the regeneration rates of microplankton, whereas
mesozooplankton contributed on average to less than 10% to
this process. Our estimated values seem high compared to the
data from literature. In addition, the contribution of microzoo-
plankton excretion to nutrient recycling is undoubtedly high,
owing to the fact that the microbial loop here is very efficient
(Troussellier et al., 2004). Then, in the SRE and in the studied
conditions, the primary production seems primarily linked to
the recycling related to the excretion of the planktonic organ-
isms (dominant regenerated production). On the other hand,
the stoichiometry of the excreted nutrients appears to reflect
a nitrogen limitation of the phytoplankton and could thus be fa-
vorable to nitrogen-fixing organisms like cyanobacteria.

The zooplankton activity could, in addition, stimulate the
microbial loop, as suggested by the positive correlations ob-
served between bacterial abundance and zooplankton biomass
(or grazing rate) during the survey. This should reflect the recy-
cling, through sloppy feeding, of dissolved organic matter
(DOM) available for bacteria (Moller et al., 2003) and cascad-
ing trophic effect, i.e. predation upon bacteria predators (HNF).
Torréton et al. (1994) explained the close coupling between
free-living bacteria and zooplankton abundance in a eutrophic
tropical lagoon in Côte d’Ivoire (West Africa) by the same
hypothesis.

In conclusion, at the end of the dry season (low water pe-
riod), the SRE is characterized by a relative stability of envi-
ronmental conditions, by a relatively low external nutrient
inputs (as compared to those recorded during the flood period)
and by the dominance of picophytoplankton. At this period,
the impact of metazooplankton on phytoplankton through
top-down (grazing) and bottom-up (nutrient recycling) pro-
cesses seems important. Metazooplankton ingestion upon phy-
toplankton, primarily directed towards the nanophytoplankton,
is not sufficient to satisfy its energetic needs. This implies the
exploitation of organic detritus and/or of other prey such as
HNF and ciliates, whose intensive consumption by the meta-
zooplankton could support the proliferation of picoplanktonic
organisms (picophytoplankton and bacteria). Our results argue
also in favor of a strong coupling between herbivorous chain
and microbial loop (and/or detrital chain). This coupling is
also supported by experimental observations performed during
the same survey and demonstrating a significant grazing effect
of zooplankton (mainly Temora stylifera) on ciliates involving
a trophic cascade within the microbial loop (Bouvy, pers.
comm.). However, further investigations are necessary to clar-
ify the nature of the picophytoplankton and the causes of its
dominance in the SRE.
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