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Abstract

The structure of the planktonic community and the influence of mesozooplankton migration on the microbial food
web were investigated during six diel studies from June 92 to June 93 in the surface waters of a station in the
North-Western Mediterranean Sea. Each diel study consisted of sampling at 5 and 40 m every 3 h over 24 h. Most
of the times diel cycles did not show any convincing diel patterns in any of the variables studied. Clear zooplankton
migration was evident in only two diel studies.

The ratio of heterotrophic/autotrophic biomasses varied from 0.68 to 3.0, with a strong dominance of the
heterotrophic biomass under oligotrophic conditions. Differences in food web structure were probably related to
the influences of coastal water and the North-Western Mediterranean Current. Thus we found that the planktonic
food web variability relatable to hydrodynamic variability, to be greater than diel variability. However, very large
differences in food web structure among dates were evident. For example proportion of Chl a found in the <10 pm

fraction varied from 18 to 96%.

Introduction

The diel migration of zooplankton is an extensively
studied phenomenon, while a restricted number of
diel studies in microbial communities exists (Davis
et al., 1985; Sorokin et al., 1985; Fuhrman et al.,
1985; McManus & Fuhrman, 1990). Some authors
have hypothesized on a possible role of copepod migra-
tion on microbial communities (Sorokin et al., 1985;
Bochdansky et al., 1995), while others have disputed it
(Fuhrman et al., 1985). It has been shown that, noctur-
nal vertical migration and activity of zooplankton influ-
ences the content and composition of biological and
chemical constituents in near surface layers (Eppley
et al., 1981; Riemann et al., 1986; Herndl & Malacic,
1987). However, no attempt has been made to follow
diel variations of microbial communities and mesozoo-

plankton concurrently during several diel cycles. Thus,
the question of whether — or not — diel rhythms in
microbial communities exist and whether — or not
— zooplankton migration has a direct effect on these
communities it is still largely open.

Additionally, on seasonal and ocean wide scales,
pelagic food web structure is influenced by hydrody-
namics (Le Fevre & Frontier, 1988). However, hydro-
dynamic discontinuities also occur on finer temporal
and horizontal scales (Kigrboe et al., 1990; Piont-
kovski et al., 1995), such as those observed in the
North-Western Mediterranean Sea (Conan & Millot,
in press) and could influence diel cycles.

The goal of this study was to asses the structure and
variability of the planktonic food web, at a fixed sta-
tion influenced by the North-Western Mediterranean
Current (NWMC) and to provide evidence of the exis-
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tence (or not) of diel cycle in microbial communities
with emphasis on the influence of mesozooplankton
migration on the microbial food web. This fixed geo-
graphical position (43 ° 02N, 05 ° 12 E, 1000 m depth)
was chosen in order to include our data in the context
of a multidisciplinary study (PNOC Program: ‘Pro-
gramme National d’Océanographie Cdti¢re’) involv-
ing the behaviour of the NWMC.

Materials and methods

Six diel cycles were undertaken at a fixed station (43 ©
02 N, 05 ° 12 E, 1000 m depth) between June 92 and
June 93. The position of the main vein of the North-
Western Mediterranean Current was determined along
a north-south transect of 7 stations crossing it per-
pendicularly. Hydrographic measurements were made
using a conductivity-temperature depth probe (CTD
type SBE 19, ‘Seacat profiler Seabird’).

The biological variables measured included chloro-
phyll @, concentration of bacteria, phototrophic and
heterotrophic nanoflagellates, ciliates and mesozoo-
plankton. Water samples were collected at 3-hour
intervals over a 24 h period, with thoroughly cleaned
8 1 Niskin bottles, from 5 and 40 m depths. Sam-
pling always started at 12h00. Mesozooplankton sam-
ples were collected by vertical hauls (50-0 m) using
a 200 pm standard WP2 net. For determination of
chlorophyll @, unfiltered, 10 and 3 pm (Nuclepore)
filtrates from each depth were collected on Whatman
GF/F filters and analyzed by fluorometry (Strickland
and Parsons 1972) on a ‘Turner designs’ fluorometer.
Samples for the enumeration of bacteria and proto-
zoa were fixed with 0.2 um filtered formalin (final
concentration 2% w/v). Subsamples for bacteria and
flagellates, 5 ml and 20 ml respectively, were filtered
within 48 h of sampling on black Nuclepore filters
(0.2 um for bacteria, 0.8 pm for nanoflagellates) that
were subsequently stained with DAPI (4.6-diamidino-
2-phenylindole, final concentration 25000 ug =Y.
For bacteria (BACT) enumeration, epifluorescence
microscopy coupled with an image analysis system
was used; up to 40 fields containing 30-70 bacteria per
field were counted and the coefficient of variation (CV)
across fields was within 6-16%. Cyanobacteria, which
are dominated by Chroococcoid forms containing phy-
coerythrin (Partensky pers. comm.) were counted on
the same 0.2 pm filters under blue light excitation.
We classified as HNAN all eucaryotic non pigment-
ed organisms less than 10 pm in size, and distin-

guished chlorophyll containing cells (PNAN) by their
red autofluorescence. Nanoflagellates were classified
into three size categories during counts, with an ocular
micrometer. Small sized populations are dominated by
flagellates (Booth ez al., 1993). However, many flagel-
la fall off during fixation, thus non-flagellate (e.g. coc-
coid, amoebic forms) were grouped together with flag-
ellates. Random 10 mm-strips (160 um width) were
counted for flagellates. About 60-100 flagellates were
counted and measured per filter, average CV across
strips ranged from 10 to 22%. Ciliates (CIL) and phy-
toplankton >10 um, preserved with Lugol (100 ml
samples) were counted on an inverted microscope by
Uterméhl (1958) counting technique. Two to three
counts for every depth and per diel cycle were made
for these organisms. The retained mesozooplankton
(ZOO) from the 200 pm mesh nets were divided in
half. The first fraction was fixed with formalin for
counting and identification. The second one was used
for dry weight analysis.

Biomass determinations and bacterial production.

Biomass of organisms were calculated from conver-
sion factors as follows: Bacterial abundance data were
converted to biomass using 20 fg C cell™! (Lee &
Fuhrman, 1987). Cyanobacteria were dominated by
coccoid forms with diameters ranging from 0.8 to
1.2 pm thus a median diameter of 1 pum was used
for calculation of cell volumes. An average cell vol-
ume was determined in each of the PNAN and HNAN
size categories: 8.2 um? for <5 pum class, 65.4 ym? for
5-7 um class and 882 pm? for the >7 pm size class.
CIL (mainly oligotrichous) were divided into 3 main
categories: 1767 pm? for <20 pm class, 4186 um? for
20-50 pm class and 23550 um? for >50 um class.
Biovolume- carbon conversion factors were 250 fg C
pm~3 for CYANO (Kana & Glibert, 1987), 220 fg
C pm™3 for HNAN and PNAN (Bgrsheim & Bratbak,
1987), 190 fg C pum~? for CIL (Putt & Stoecker, 1989).
Mesozooplankton (ZOO) biomass was estimated as
dry weight, which were then converted into carbon
units assuming a 40% carbon content (Gaudy, unpub-
lished data). The carbon:chlorophyll a (C:Chi a) ratio
was assumed to be 50, according to the value usually
used for oceanic water (Fuhrman et al., 1989).

Bacterial production was estimated by the thymi-
dine method (Fuhrman & Azam, 1982) during the two
last studies (May and June 93, details are given in
Van Wambeke et al., in press).
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Table 1. Hydrographic and plankton community characteristics during the diel cycles.

Date Hydrographic characteristics Plankton community characteristics
14-18 Station located in the inner edge of the core Dominance of autotrophic biomass
June 92 current (NWMC). diatoms > 10 pm

Possible frontal influence

10-11 NWMC located offshore
October 92

Station influenced by coastal waters

Dominance of autotrophic biomass
Dominance in number (80%) of
autotrophs < 10 pm

10-11 Station located in the inner edge of the NWMC.  Dominance of autotrophic biomass
December 92  Station influenced by coastal waters

1-2 NWMC situated near the coast Dominance of heterotrophic biomass
May 93 Station influenced by open sea waters Oligotrophic situation

26-27 Station located near the core of the current Dominance of heterotrophic biomass
June 93 Oligotrophic situation

Results
Hydrographic characteristics

Each cruise was described by a distinct hydrodynam-
ic structure (summarized in Table 1). During the two
cruises of June 92, the seasonal thermocline was well
established at a depth of around 20 m. The station
was located near the inner edge of the core of the
North-Western Mediterranean Current (NWMC) and
was marked by a weak velocity (= 15cms™). In Octo-
ber, the thermocline deepened (50 m). The NWMC
was located further offshore, the inner edge being
45 km from the coast. The station was influenced by a
coastal west-east geostrophic current which was some-
what colder and less salty (<17.4 °C; 37.1) than the
NWMC (= 17.5 °C, 37.3). In December, the NWMC
deepened and increased in velocity due to the winter
conditions, even though a weak thermocline persist-
ed at 50 m. The station was again located in the inner
edge of the current. The thermal structure indicated that
the station was influenced by coastal waters. In May
93, the water column was stratified, the NWMC was
extremely superficial and pushed up against the coast;
the station was influenced by the open sea waters. In
June 93, the hydrographic structure was represented by
a well established thermocline. The station was locat-
ed near the core of the current. The NWMC vein was
narrow (= 5 km) and its velocity was weak (=~ 13 cm
s

Mesozooplankton composition and biomass

The highest ZOO concentration (mean: 3225 ind. m3,
biomass: 11.9 x 10 g C m—3, Table 2) was observed
in May and the lowest in December (mean: 257 ind
m~3, biomass: 1.05 x 10* ug C m~?). Copepods dom-
inated the ZOO population, from 60% in June 92 to
96% in May 93. Four copepod genera — Clauso-
calanus spp., Paracalanus spp. (almost exclusively
P. parvus), Oithona spp. (O. plumifera and O. sinilis)
and Centropages spp. (almost exclusively C. typicus)
— prevailed in the copepod community. A classical
diel migration pattern of ZOO with more animals in
the surface layers during night hours was obtained in
May and June 93 (Fig. 1a). In October 92, ZOO abun-
dance increased slightly during the night. In June 1992
zooplankton (ZOO) abundance did not increase during
night hours. In December 92 only 3 zooplankton sam-
ples were collected because of bad weather (Fig. 1a).

Diel patterns of chloropyll a concentration,
nanoflagellates, bacterial abundance and production,
variability between and within diel cycles

Chloropyll a concentration showed important varia-
tions. During the two diel cycles carried out in June
92, high Chl a values were recorded mainly in the sub-
surface layer (5 m) from 12:00 to 15:00 on 14 June (up
t0 5.1 Chl @ 171, Table 2) and from 09:00 to 12:00 on
18 June 92 (up to 4.3 ug Chl a 17}, High diatom abun-
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Figure 1. A: Diel evolution of mesozooplankton abundance, sampling every 3 hours, first sample at 12h00. J1 = 14— 15 June 92, J2 = 17-18 June
92, Oct = October 92, Dec = December 92 (only 3 samples for mesozooplankton because of bad weather), May = May 93, J3=June 93. B: Diel
evolution of chloropyll a, heterotrophic flagellate abundance and [methy]> H]-thymidine (Tdr) incorporation rates are given for May and June
93 diel studies. The right- hand scale indicates the bacterial production (ug C 171), assuming 5 10'® bacteria produced.mol Tdr—! (empirical
convesion factor, Van Wambeke et al., in press) and 20 fg C. bacteria~!, vertical bars indicate the values of the duplicate samples. Heavy lines
on x-axis indicate hours of darkness.
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5
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Table 2. Ranges, mean values and standard deviation (sd), of biological parameters for the 6 diel studies. Chl a=Chlorophyll a, BACT=bacteria,
Date:

PNAN=phototrophic nanoflagellates, HNAN=heterotrophic nanoflagellates, ZOO=mesozooplankton, COP=copepods, Tdr-Thymidine incorporation rate
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Table 3. Relative abundance and biomass of dif-
ferent size classes of nanoflagellates, heterotrophic
(HNAN) and phototrophic (PNAN). Average data
from the six diel cycles = standard deviation.

% Number % Total
of cells biomass

PNAN<Sum 70.0 £ 6.3 238+5.3

PNANS5-7pm 258 +6.7 40.2 £ 10.0
PNAN >7 um 41x17 36.0+£11.0
HNAN<S pm 856 +£6.12 289%120
HNANS5-7pgm 109 +£5.7 30.0 £ 14.3
HNAN > 7 um 33+19 409 £ 15.0

dances up to 3.3 x 103 cell ml~! were observed. The
range of Chl a values (g 17!) showed 18 and 21 fold
variation within 24 hours on 14-15 and 17— 18 June
92, respectively (Table 2). The low values obtained in
May and June 93, were typical of oligotrophic waters
(Table 2). With the exception of the period when
high Chl a occurred (June 92), the size-fractionated
Chl a that the major part of the phytoplankton biomass
should be attributed to <10 pm fraction (from 18 to
96%, mean 63%, Fig. 2). The microscopic analysis
(Table 3) revealed that a mixture of flagellates <5 pm
dominated PNAN population (70%), thus confirming
results of chlorophyll size-fractionation. In two occa-
sions when bacterial production was measured (May
and June 1993, Fig. 1b), two maxima were observed
over each diel cycle. Thymidine incorporation rates
increased between 15:00 and 18:00 and at dawn in
May, while in June the increase was observed between
18:00 until 24:00 and again at dawn. The daily bacteri-
al production calculated by integration of the diel cycle
measurements was: 4.6 (5 m), 4.0 (40 m) in May and
4.4 (5m), 3.6 (40 m) ug C 17! d~! in June. Average
generation times were 3.1 days in May and 2.2 days in
June.

The night and day samples, expressed as percentage
of the diel means, were also compared using the Mann-
Whitney test. The samples from dawn and dusk were
discarded from the data set. Significant night-day dif-
ferences were obtained only for HNAN on 14-15 June
92 (t=2.2, p<0.05) and for bacterial abundance in
December 92 (t=2.0, p<0.05) and in June 93 (+=2.0,
p<0.05).

In order to evaluate the importance of variability
within and between diel studies we used a two-factor
ANOVA. The factors were the diel cycles and the hours
of the day; for this, the samples were coded two by two
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Figure 2. Relative concentrations of size fractions of Chl a (mean of diel observations). In June 92 cruises, we distinguished samples
corresponding to low (low Chl) and high (high Ch!) chloropyll « and calculated the percentages separately. J1 =14-15 June 92, J2=17-18 June

92, Oct = October 92, Dec =December 92, J3 = June 93.

(comparison every six hours over each diel cycle). The
variables tested (Chl ¢, Chl a<10 um, HNAN, PNAN
and BACT) showed differences between cycles at
p<0.01, while significant variability within diel cycles
emerged only for Chl a (¥'=5.4, p<0.05, n=52).

Relations between organisms

In order to investigate quantitative relationships
between the different components of the food web,
we calculated Spearman rank correlation coefficients
for all possible pairs of variables, considering first
the data of each diel cycle separately (fine scale).
Few correlations were found at the p<0.05 level,
for example between zooplankton and bacterial abun-
dance (14—15 June 92, r=0.78 and 26-27 June 93,
r=0.72, n=9) and between Chl a and zooplankton
abundance (10-11 October, r= —0.73 and 26-27 June,
and r=—0.67, n=9). However these correlations were
not repeatedly observed. In addition variables such as
HNAN and BACT, which were expected to be linked
did not show any correlation. Secondly, we exam-
ined these correlations considering the whole data set
(all cycles combined). In this case, the most signif-
icant correlations were found between zooplankton
and bacteria (r=0.78, n=53), ciliates and bacteria
(r=0.85, n=30), zooplankton and ciliates (r=—0.67,
n=30) and ciliates and phototrophic nanoflagellates

(r=—0.64, n=30), heterotrophic nanoflagellates were
not correlated with any other variables.

Distribution of particulate organic carbon

The carbon equivalents of standing stocks were aver-
aged for each diel cycle for the following plankton
components: total phytoplankton (from total Chli a),
phototrophic nanoflagellates (PNAN), cyanobacteria
(CYANO), bacteria (BACT), heterotrophic nanoflagel-
lates (HNAN), ciliates (CIL) and zooplankton (ZOO).
The variability of phytoplankton biomass was stronger
than that of heterotrophic biomass. Except in Octo-
ber, when HNAN showed their maximum concentra-
tion, the bacterial biomass dominated the heterotrophic
compartment (up to 38% of total biomass and up to
50% of the heterotrophic biomass). BACT:PHYTO
biomass ratio ranged from 0.18 to 1.54. The car-
bon equivalents (Fig. 3) and biomass ratios (Table 4),
revealed that the heterotrophic biomass sometimes
dominated the autotrophic biomass.

Discussion
The interpretation of plankton community structure

during the 6 diel studies, in relation with hydrographic
characteristics is interesting (Table 1). When the sta-
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Table 4. Percentage of the total biomass and biomass ratios (%, mean values
of 5 and 40 m). BACT: bacteria, PHYTO: Phytoplankton (from Chlorophyll
a); HNAN: heterotrophic nanoflagellates; PNAN: phototrophic nanoflagellates;
Z0O0: mesozooplankton; HETERO: sumn of heterotrophic biomass; CIL: ciliates.

14 17 10 10 01 26
Date June June Oct. Dec. May June
92 92 92 92 93 93
% Total biomass
PHYTO 59.5 553 52 713 245 24.8
BACI 19 16.4 15 12.8 37.2 38.1
HNAN 12 154 235 6.7 14.5 16.4
CIL 45 85 73 715 15 114
Z00 5.1 43 22 1.7 222 94
Biomass Ratio
BACT/PHYTO 0.32 0.3 0.29 0.18 1.52 1.54
BACT/HNAN 1.59 1.07 0.64 1.89 2.56 2.32
PNAN/HNAN 1.21 0.77 0.59 2.01 1.63 1.25
ZOO/PHYTO 0.09 0.08 0.04 0.03 0.91 0.38
HETERO/PHYTO 0.68 0.80 0.92 0.40 3.0 3.0
BACT/HETERO 047 0.37 0.31 0.45 0.49 0.51

biomass (ugC 1-1)
10 20 40 50 60
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Figure 3. Sum of autotrophic and heterotrophic biomasses in each
of the 6 cycles. Data of 5 and 40 m depths were averaged. J1=14-
15 June 92, J2=17-18 June 92, Oct = October 92, Dec = December
92, May = May 93, J3 =June93.

tion was located in the inner edge of the North-Western
Mediterranean Current, the dominance of autotrophic
biomass and occurrence of very high Chl a values could
be explained either by the frontal influence and large
mesoscale meander propagation (June 92), or by the

coastal influences of surface waters (December 92).
When the station was not within or near the current,
we could distinguish two situations: (i) the current
was located offshore, the station could be enriched by
coastal surface waters (October 92), (ii) the current
was located near the shore, the station was influenced
by the oligotrophic open sea waters (May 93). Thus,
the hydrodynamic processes (absence, presence and
structure of the NWMC) were probably among the
important factors determining the pelagic food web
structure in this area.

Although marine planktonic food webs are often
assumed to be pyramidal with a given biomass of
autotrophs supporting successively smaller biomasses
of herbivores and carnivores, situations comparable
to that shown in Fig. 3 (May and June 93) are not
uncommon (Holligan et al., 1984; Fuhrman et al.,
1989; Piontkovski et al., 1995). In oligotrophic waters,
food webs are sometimes represented by an invert-
ed pyramid with the heterotrophic biomass dominat-
ing the autotrophic biomass (Dortch & Packard 1989;
Fuhrman et al., 1989; Cho & Azam, 1990). Holligan
et al. (1984) showed that phytoplankton was the dom-
inant carbon component in mixed and frontal regions,
whereas heterotrophic biomass exceeded that of phyto-
plankton in the upper layers of stratified water (Cush-
ing 1989). Le Fevre & Frontier (1988) suggested that
food chains dominated by herbivores develop only in
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cases when hydrodynamic processes favourable to the
growth of suitable phytoplankton persist long enough.
The pelagic food web structure is known to vary on
large time and space scales (Cushing, 1989). Never-
theless, in the eutrophic area of the Skagerrak, Kigrboe
et al. (1990) observed changes of the structure of the
pelagic food chain on short distances (around 5 km
between stations). Booth et al., (1993) in a study in the
subarctic pacific report that inter-cruise variability (dif-
ferent days) of plankton biomass and size classes was
larger than intra-cruise variability (different months
or years). In this study, we also observed variabili-
ty in the biomass structure on a much finer spatio-
temporal scale (6 hours or 2-10 km considering the
current speed). The ratio of heterotrophic/autotrophic
biomasses varied from 0.68 to 3.0, with a strong
dominance of the heterotrophic biomass under olig-
otrophic conditions. These values vary in a narrow-
er range than in the surface layer (0— 50 m) of the
highly oligotrophic Sargasso sea (the ratio of bacterial
biomass/phytoplankton biomass varied from 1 to 14,
Fuhrman et al., 1989) and are comparable with those
reported by Booth et al., (1993) in the Subarctic Pacific
(heterotrophic/autotrophic biomass varied from 0.3 to
4).

Most of the times diel cycles did not show any
convincing diel patterns in any of the variables stud-
ied. A classical diel migration pattern of ZOO with
more animals in the surface layers during night hours
was obtained in May and June 93 and in a lesser
degree in October 92. The occurrence of the high
chlorophyll values during daylight hours, especially
in the 17-18 June 92 experiment, may have mod-
ified the diel spectrum of ZOO abundance. Higher
Z0O0 biomasses were associated with high phytoplank-
ton concentrations, thus masking possible migration
effects. The lack of direct coupling between zooplank-
ton and microheterotrophs, on short-term scale, maybe
due to that the major part of the nanoflagellate popu-
lation was too small (<7 pm) to be grazed efficiently
by zooplankton (Gaudy, 1974; Stoecker & Capuzzo,
1990). The negative correlation found between COP
and CIL on the seasonal scale (when the whole data
set was considered, r=—0.67), suggested the exis-
tence of a predator-prey relationship (Berk et al., 1977;
Sheldon et al., 1986). The impact of ZOO on BACT
by excretion and sloppy- feeding processes and/or
by removal of bacterivores has been demonstrated in
enclosure experiments (Sheldon et al., 1986; Roman
et al., 1988; Peduzzi & Herndl 1992). The coupling of
Z0O0 and BACT is also supported by the high correla-

tion coefficient found between these organisms when
the whole data set was considered (r=0.78). Hence,
the zooplankton seems to be related to the microbial
food web mainly by enhancing the bacterial produc-
tion through excretion and sloppy feeding (Herndl &
Malacic, 1987). Such dynamic properties of bacteria
are particularly important to develop in oligotrophic
conditions (Peduzzi & Herndl, 1992). Unfortunately,
rarely does environmental data provide absolute evi-
dence for a hypothesized mechanism or theory. Nev-
ertheless, this approach despite the possible physical,
biological interactions, and difficulties of interpreta-
tion, is necessary in order to make comparisons with
laboratory observations. It is however encouraging that
on the two dates (May and June 93) when zooplank-
ton showed a clear migration pattern, we observed
bacterial production maxima at night and dawn. In
Van Wambeke ef al., (in press), we verified some of
these findings through microcosm experiments real-
ized on-board in order to minimize the noise and to
establish estimates for the flow of carbon between phy-
toplankton, bacteria, heterotrophic flagellates, micro-
zooplankton and copepods for the investigated region.
The variations observed in the present study
revealed that an important variability of the plankton
communities, may occur on a scale of 2-10 km (based
on current speed and sampling time interval on the diel
studies) even in the open sea. However, the variability
in the biomass structure was probably related to phy-
toplankton dynamics. the higher variability of phyto-
plankton compared to that of heterotrophs implies that
the latter are very closely coupled to their predators.
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