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Effect of El Nifio Southern Oscillation events on the distribution and
abundance of phytoplankton in the Western Pacific Tropical Ocean
along 165°E

Jean Blanchot, Martine Rodier and Aubert Le Bouteiller
Groupe PROPPAC, Centre ORSTOM BP A5 Noumea Cedex, New Caledonia

Abstract. The distribution of physical and chemical parameters and their impact on the biomass and
abundance of phytoplankion in the Western Pacific Ocean were compared in two opposing
situations: the El Nifio Southern Oscillation (ENSO) event of 1987 and the non-ENSO period of
1988. During El Niiio conditions (September 1987), maximum cell abundance was recorded at 10°S
at the boundary between the South Equatorial Current (SEC) and the South Equatorial
Countercurrent (SECC). In September 1988, after the return of non-ENSO conditions, a well-
established equatorial upwelling produced an increase in the surface layer nutrient supply over 7° of
latitude. This in turn caused an increase in phytoplankton populations in the upper layer, with
chlorophyll concentrations >0.2 mg m™ and cyanobacteria and microalgae populations >8.0 X 10°
I"! and >1.2 x 10° I"? respectively. Integrated over 120 m, the cyanobacteria and microalgae
populations were respectively 4.7 and 3.2 times larger than the year before. On the other hand,
transient nutrient inputs such as those observed at 10°S in September 1987 caused a large increase in
cyanobacteria populations (4.4 times), compared with those in neighbouring zones, and a somewhat
smaller increase in microalgae populations (1.3 times). Cyanobacteria populations were much larger
than those of microalgae in the 80-100 m upper layer, whereas the latter were more numerous at
that depth and below the chorophyll maximum. Population variations in cyanobacteria were accom-
panied by changes in form, size and fluorescence of the cells. The analysis of the 52 profiles of depth
distribution of cyanobacteria and microalgae shows how the community structure is related to the
depth and gradient of the nitracline.
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The importance of small phytoplankton has only recently been recognized
thanks to the introduction of indirect methods of measurement. In the tropical
Pacific Ocean, Wauthy et al. (1967) determined that the Uterméhl inverted-
microscope method (cell counts of phytoplankton >10 pm) accounted for only
5-15% of the phytoplankton biomass, whereas there was a good correlation
between chlorophyll concentration and chloroplast counts under blue-violet
light. They concluded that the bulk of the biomass was made up of
ultraphytoplankton. In the 1980s, the use of new techniques such as epi-
fluorescence microscopy allowed for the identification and enumeration of
cyanobacteria in many temperate and tropical seas (Johnson and Sieburth, 1979;
Waterbury ef al., 1979). Their presence was shown in the North Atlantic up to-
high latitudes (Murphy and Haugen, 1985). They were also identified in
environments as diverse as marine and freshwater ecosystems (Stockner and
Antia, 1986; Stockner, 1988). Meanwhile, many studies confirmed the
importance of small phytoplankton (<5, <3, <2, <1 wm) in various oceans
(Bienfang and Szyper, 1981; Bienfang and Takahashi, 1983; Herbland et al.,
1985; Platt and Li, 1986; Chavez, 1989; Peiia ef al., 1990). Researchers also
calculated the contribution total primary production of picoplankton (<1 pm) in
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tropical waters, which was estimated at 20-80% in the Eastern Pacific (Li et al.,
1983) and at 60% in the Western Atlantic (Platt et al., 1983). In the Celtic Sea in
summer, plankton (<5 pm) accounts for 70-80% of total primary production
(Joint and Pomroy, 1983; Joint et al., 1986). Finally, in the Sargasso Sea,
Synechococcus accounts for 73-84% of primary production (Prézelin et al.,
1989).

In the Western Equatorial Pacific Ocean, climate changes affect the
hydrological structure of the marine ecosystem and determine in particular the
presence or absence of upwelling. Their influence on the structure of
phytoplankton populations and primary production is important. The vertical
distribution of cyanobacteria and microalgae between 20°S and 6°N in the
Western Pacific Ocean was studied in two transects visited at a 12 month
interval, the first in 1987, when El Nifio conditions prevented any equatorial
upwelling, and the second in 1988, after the return of normal upwelling
conditions. ‘

Temperature, salinity, nutrients and chlorophyll concentration data were
compared in order to understand better the ecological significance of the vertical
and horizontal distribution of phytoplankton. This is, to our knowledge, the first
description of the influence of those events on the pico- and nanoplankton
populations in this region.

‘Method

Two similar cruises were carried out on R/V Coriolis in the western tropical
Pacific (Figure 1), in September 1987 (PROPPAC 1) and September 1988
(PROPPAC 3). The studies were conducted from south to north transects along
165°E, with stations at every degree from 20°S to 6°N. Twelve levels were
sampled with 51 Niskin bottles on a rosette sampler coupled with a CTDO
system.

Chemical analysis

Nutrient concentrations (nitrate, nitrite and phosphate) were determined upon
collection with a Technicon AutoAnalyzer II using the methods described by
Strickland and Parsons (1972). The detection limit for phosphate was 20 nM,
with a good accuracy above 50 nM. Nitrate concentrations <2 pM were
estimated using the method described by Oudot and Montel (1988) within
+ 50 nM. Briefly, this method is an improvement over the classical automated
method using a Technicon AutoAnalyzer 11 and consists in lowering the dilution
of samples with reagents and in amplifying the output signal of the colorimeter.
Chlorophyll concentrations were recorded on collection with a Turner 112
fluorometer using the Herbiand et al. (1985) method. In short, 100 ml samples
were filtered through GF/F filters using <30 mm Hg vacuum and extracted with
95% methanol for a period of 15-90 min. Calibration was made using Sigma
pure chlorophyll a. Nuclepore polycarbonate filters (1 wm) were used for size
fractionation, on duplicates. ‘
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Fig. 1. Location of sampling stations along 165°E.

Enumeration of cells

Samples for cell counts under the microscope were fixed by adding buffered
formaldehyde (pH 8.2) <1% during the PROPPAC 1 cruise but no preservative
was used during the PROPPAC 3 cruise. This change was made in response to
laboratory results confirming the ineffectiveness of fixation and to the suggestion
by several authors that this process may destroy some of the material under
study (Furuya and Marumo, 1983; Bloem and Bar-Gilissen, 1986; Booth, 1987).
During both cruises, 50-100 ml of seawater were filtered through a 0.2 pm
Nuclepore membrane, pre-dyed with Irgalan Black. Vacuum pressure never
exceeded 125 mm Hg, as prescribed by Murphy and Haugen (1985). The
vacuum was turned off before the filter completely dried to prevent destruction
of the more delicate cells. Filters were frozen immediately at —20°C. Given the
water-repelling properties of the Nuclepore filter, drying of the samples was not
deemed necessary (Geider, 1987). Routine rough counts were performed on
collection in order to determine the volume of seawater needed to obtain ~20
cells field™*. All remaining cell counts were performed back at the laboratory,
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within the following 2 months. To this end, filters were thawed and immediately
placed between two drops of Sigma mounting medium. They were then placed
under a Leitz Dialux 20 microscope equipped with a HBO 50 light source, a
Ploemopak 2.4 fluorescence vertical illuminator, containing a BP 450-490
exciting filter, a RKP 510 beam-splitting mirror and a LP 515 suppression filter
(filter block 1,). A Zeiss 100/125 oil immersion objective was used. The orange
fluorescence of the phycoerythrin-containing cyanobacteria could be distin-
* guished easily from the red fluorescence of the chlorophyll-fluorescing plankton.
The chlorophyll-fluorescing plankton could actually incorporate some cyano-
bacteria, but the bulk consists of eukaryotic microalgae: here, in a wider sense
all red fluorescing cells are called microalgae. The cell-count method was a
variation of that used by Hobbie et al. (1977). For each sample, 200—800 cells
were counted on 20-80 fields. The coefficient of variation never exceeded 8%
(n = 3) for cell counts performed on the same filter and 12% (n = 3) for counts
on different filters. When populations did not allow for the minimum of 200 cells
per sample, counting was stopped at 50 and the coefficient of variation in those
cases was equal to 22% (n = 3). The size of the cells was determined with an
eyepiece micrometer; mensurations were checked with a micrometer slide.

Results
Environmental properties

Winds, currents and hydrology. In September 1987, the tradewinds died off, to
be replaced by westerly and south-westerly winds north of 1°S. Currents
. followed an eastward path between 6°S and 5°N over a depth of 240 m, at speeds
reaching up to 120 cm s~ at the surface (Blanchot et al., 1987). Surface water in
the equatorial zone was warm (>29°C) with low salinity (<34.0) (Figure 2),
which is typical of seawater coming from Papua New Guinea and the Solomon
Islands (Rotschi et al., 1972). This situation was found to exist along 165°E only
during El Nifo conditions (Donguy and Hénin, 1976). North of 6°S, the
thermocline was found at a depth of ~60 m. The high salinity (>35.0) at 60 m
was due to an inflow of South Pacific subtropical water (Donguy et al., 1970).
There was no disruption of the isotherms along the equator. In September 1988,
the situation was back to normal with zonal easterly winds between 7°S and 3°N.
The South Equatorial Current was flowing westward between 9°S and 5°N at
speeds reaching up to 70 cm s~ (Blanchot et al., 1988). After restoration of the
westward circulation pattern, an equatorial upwelling causing lower surface
temperatures (<28°C), higher salinity (>35.0) and an upward shift of the
isotherms at lower depths was observed (Figure 2). At 100 m, temperature was
higher than during the El Nifio conditions. This was due to the fact that those
conditions bring about an eastward shift of surface tropical waters which in turn
causes a thinning of the warm water layer. As before, the thermocline was better
. defined north of 6°S. ‘

Nutrients. Only the nitrate distribution is shown in detail (Figure 3). In
September 1987, nitrate could not be detected in the upper layer except for an

140




34!

DEPTH (m)

DEPTH (m)

TEMPERATURE (oC)

['ez
A

LATITUDE

SALINITY
0 v,
o] v \
40 \ LL =
60— \\/J/\'Q
80— / y 0
100 335
120— o
] q E
140— 155 (\/\/
160~ 350
180— 5 7
200 T 1 67T ‘ T T I‘ll\l L) (4[\ lAl T ] T 1 T 71 l
-20%s 1575 10°s 50 0 5N
o .

15°s

10°s
LATITUDE

Fig. 2. Latitude/depth diagrams of temperature and salinity along 165°E, in September 1987 and 1988.
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enrichment area between 10°S and 8°S, at the boundary between the South
Equatorial Current (SEC) and the South Equatorial Countercurrent (SECC).
The maximum concentration in the surface layer was 0.6 M at 10°S. The lack of
nitrate at the surface 2 weeks later pointed to the transient character of this
phenomenon In that zone, winds affect the water column via the Eckman
pumping effect and promote the vertical transfer of water (Delcroix and Hénin,
1989). The top of the nitracline defined by the 0.1 pM isoline was ~90 m deep
south of 11°S and ~40 m deep north of that latitude. In September 1988, the
equatorial upwelling caused nitrate to be present in the surface layer between
5°S and 2°N (2.1 pM at 1°S). An area of subsurface enrichment was also
observed at the boundary between the SEC and the SECC. The upward shift of
the isolines culminated at 11°S. This doming effect was described earlier by
Oudot and Wauthy (1976) and Donguy and Hénin (1976).

The distribution of phosphate followed that of nitrate (data not shown). In
September 1987, concentrations were low in the surface layer except for an
enrichment area at 10°S. In September 1988, surface concentrations >0.2 pM
marked the extent of the upwelling zone. During both cruises, a nitrite storage
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Fig. 3. Latitude/depth diagrams of nitrate along 165°E, in September 1987 and 1988.
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Effect of El Niiio on the phytoplankton in the Pacific Ocean

zone was observed between 100 and 140 m, with concentrations sometimes
reaching 0.8 pM (nitrite pockets, data not shown). In 1988, the upwelling
induced an upward shift of the 0.2 uM isolines up to the surface.

Meridian distribution of phytoplankton

Chlorophyll. In September 1987, surface chlorophyll concentrations were low all
along the transect except for an enrichment area at ~11°S (>0.2 ug Chla 1%;
Figure 4). North of 6°S, maximum concentrations of chlorophyll a were always
>0.3 wg 171, In 1988, the equatorial upwelling zone was demarcated by surface
chlorophyll concentrations >0.2 wg 17*. A maximum surface concentration of
0.4 pg 171 was recorded at 1°S. High concentrations of chlorophyll in the
equatorial zone were recorded at all levels of the photic layer.

The surface input of NO; brought about an increase in chlorophyll a
concentrations recorded along 10°S as well as along the equator. The integration
of chlorophyll concentration values recorded during both cruises over the mean
penetration depth of the 20 m satellite signal (this value, equivalent to the
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Fig. 4. Latitude/depth diagrams of chlorophyll along 165°E, in September 1987 and 1988.
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reverse of extinction, varied during the PROPPAC cruises from 16 to 24 m; data
not shown) produced a value of 1.82 + 0.24 mg m™2 (n = 41) in the absence of
nitrate (<0.1 uM), and a value of 5.17 + 1.38 mg m ™ (n = 10) in the presence
of nitrate (>>0.1 pM), with a 95% confidence level.

Cyanobacteria ‘and microalgae. In the western Pacific intertropical zone, the
observed range of cell abundance was 4 X 10°-2 X 107 cells 17! for cyano-
bacteria and 1 X 10%-2 X 107 cells 17! for microalgae. In September 1987,
maximum surfdce concentrations of cyanobacteria were recorded at 11°S and 7°S
(15-16 x 10° cells1"1), in an enrichment area at the boundary between SEC and
SECC (Figure 5). Outside that area, surface concentrations were low (<1.5 X
10° cells 17?) all along the transect, except for a limited enrichment area at 20°S,
off the coast of New Caledonia. Between 11°S and 7°S, the maximum
concentration of cyanobacteria (>7 X 10° cells 1"!) was higher than at 70-80 m;
it then decreased sharply downwards. Outside that area, high cell concentrations
of cyanobacteria and microalgae were not observed until at 3°N and 5°N.
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Microalgae concentrations were low in the surface layer (<2 x 10° cells 17%),
except for two slight enrichment areas at 11°S and 7°S, as was the case with
cyanobacteria (Figure 6). Under the surface layer, microalgae distribution was
characterized by maximum abundances >1.2 X 106 cells I"! at depths ranging
from 60 to 100 m. In September 1988, cyanobacteria were abundant in two
zones of unequal size. The main one extended over 7° of latitude along the
equatorial upwelling, between 5°S and 2°N, showing concentrations >7 x 10°
cells 17! between the surface and 70-80 m (Figure 5). The second one was
restricted to 11°S with concentrations >7 X 10° cells 1! in the first 20 m. For
microalgae, the zone of maximum abundance was related to the equatorial
upwelling, where concentrations >1.1 X 106 cells 17! were recorded over 7° of
latitude, between 5°S and 2°N, from the surface to 120-150 m (Figure 6). Unlike
cyanobacteria, microalgae did not show a second area of enrichment at 11°S. A
comparison of the superficial layer in the upwelling zone to that of the zones
north and south of it showed that the increase in concentration per litre was
somewhat higher with cyanobacteria (X12) than with microalgae (x10).
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Fig. 6. Latitude/depth diagrams of microalgae abundance along 165°E, in September 1987 and 1988.
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Concentration data integrated over the first 120 m (the zone where the two
fluorescing groups coexist) showed that between 5°S and 2°N, cyanobacteria and
microalgae were respectively 4.7 and 3.2 times more numerous than in
September 1987. In comparison, chlorophyll concentration integrated over
120 m between 5°S and 2°N was only 1.4 times higher than in September 1987.

Vertical profiles and distribution of cyanobacteria and microalgae

The vertical distribution pattern of the two fluorescing groups varied according
to the hydrological structure (Figure 7). In stable zones where nutrients were
depleted in the surface layer, there were four possible alternatives: (i) when the
top of the nitracline was deep (100 m) and the nutrient concentration gradient
not clearly defined, populations of the two fluorescing groups remained low over
the whole layer (Figure 7a); (ii) when the top of the nitracline was deep (100 m)
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and the gradient clearly defined or when the top of the nitracline lay between 60
and 80 m and the gradient was poorly defined, a deep concentration peak
existed at nitracline level with microalgae only (Figure 7e and h); (iii) when the
top of the nitracline lay between 50 and 80 m and the gradient was clearly
defined, both fluorescing groups exhibited a concentration peak increasing as
the top of the nitracline rose from 80 to 50 m and the gradient became better
defined (Figure 7d); (iv) when the top of the nitracline lay at ~40 m, both
fluorescing groups were more numerous at the surface (Figure 7c) and their
numbers gradually decreased with depth. In the zone of temporarily enhanced
nutrient supply described around 10°S, cyanobacterial populations clearly
increased in the first 80 m, contrary to microalgal populations (Figure 7b and
f). Finally, along the equatorial upwelling, populations of both fluorescing
groups were very large at the surface and gradually diminished with depth
(Figure 7g).

Data from both cruises were combined in order to compare the overall
abundance distribution of cyanobacteria and microalgae in relation to depth and
nitrate concentration at the 0.1 pM threshold (Figure 8). When the surface
nitrate concentration was >0.1 pM, cyanobacteria populations were large from
the surface down to 70 m and those of microalgae were large from the surface

"down to 120 m. When the nitrate concentration was <0.1 uM, cyanobacterial

populations varied in the 0—80 m layer, sometimes attaining levels as high as
when nitrate was present. High concentrations (>8 X 10 cells 1"") were found
in the 10°S-11°S zone, where a limited and transient enrichment had been
described in 1987 and again in the same zone in 1988. Conversely, microalgal
populations were always low (<1.2 x 10 cells 17%) in nitrate-depleted waters.

Relationship between the microalgae and the deep chlorophyll maximum (DCM)

In both cruises, there was a significant correlation (P < 0.01) (Figure 9)
between the depth of the maximum concentration of microalgae and that of the
DCM. Microalgae accounted for 70% of the variance in the depth of the DCM,
whereas cyanobacteria were responsible for only 22% of the variance in the
depth of the DCM. On the other hand, there was no significant correlation
(P > 0.05) between the populations of each of the two fluorescing groups and
the concentration of chlorophyll integrated over the first 20 m, with or without
nitrate. This was probably due to variations in cell pigment concentrations.

Size structure of chlorophyll in the equatorial area in presence and in absence of
nitrate

During the El Nifio events, when oligotrophic conditions predominated in the
upper layer, chlorophyll a <1 pm represented >60% of the total chlorophyll
content. When nitrate was present (NO3 > 0.1 uM), below the nitracline during
El Niiio events and within the entire water column in the upwelling a year later,
chlorophyll @ > 1 pm predominated (Figure 10). Results on the general pattern
of chlorophyll will be presented elsewhere (Le Bouteiller et al., 1991). These
results disagree with the few results reported in the central and eastern Pacific by
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Chavez (1989) but are in agreement with some observations in the central Pacific
(Pefia et al., 1990) and in the equatorial Atlantic (Herbland et al., 1985).

Cell shape and ﬁuorescence

In September 1987, cyanobacteria in the surface layer were rod-shaped (2 X
1 pm) with low fluorescence all over the transect except between 11°S and 7°S.
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DEPTH OF MICROALGAE MAXIMUM (m)

DEPTH OF CHLAMAX

Fig. 9. Linear regression between depth of microalgae maximum and depth of chlorophyll
maximum; broken lines limit 95 and 99% confidence intervals.
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In deeper waters, they were all spherical, larger (>1 pm) and highly fluorescent.
Between those two levels, a transition zone of smaller (<1 wm) ellipsoid or
spherical moderately fluorescent cells was sometimes present. Those transition
zones were almost always observed north of 6°S, where the nitracline was clearly
defined. In the surface layer, between 11°S and 7°S, there was a mix of shapes
and sizes with variable fluorescence. In deeper waters, larger (>1 pm) spherical
highly fluorescent cyanobacterial cells were again present. In September 1988,
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rod-shaped (2 X 1 pm) cells dominated in the surface layer south and north of
the upwelling zone. Along the upwelling zone, cells in the surface layer were
spherical or ellipsoid, small (<1 wm) or (>1 pwm) spherical cells as well as
ellipsoid cells with high fluorescence. Microalgae were difficult to classify
according to their shape and fluorescence, because many cells had indistinct
shapes and margins. Variations of shape of red fluorescing particles are difficult
to detect under a microscope. Such studies require comparisons with flow
cytometer results (Li and Wood, 1988).

Finally, in some stations (in September 1987 at 0°, between 120 and 140 m and
at 3°N, 120 m; in September 1988 at 3°N, between 120 and 140 m and at 5°N,
between 140 and 160 m), a very thick and unstable “red dust” was observed at
the base of the euphotic zone. However, that phenomenon did not last long
enough to allow for counting. Experiments on size fractions performed at 5°N
have shown a large increase of the relative percentage of chlorophyll b at those
depths (Le Bouteiller et al., 1991) which could indicate the presence of
significant numbers of prochlorophytes (Neveux et al., 1989), organisms recently
identified by way of flow cytometry (Chisholm et al., 1988; Olson et al., 1990a,
Vaulot et al., 1990).

Discussion

In the Western Pacific intertropical zone, cyanobacteria were numerically
dominant and generally exceeded the microalgae by a factor of 10 up to 100 in
the 80-100 m upper layer. Cyanobacteria tended to concentrate higher in the
surface water column than microalgae. The maximum concentration of
cyanobacteria was recorded above the maximum of microalgae for 84% of
sampled stations, and for the remaining 16% both were observed at the same
depth. Below the maximum concentration level, cyanobacteria populations
decreased at a much faster rate than those of microalgae. These results are in
~ accordance with those of Murphy and Haugen (1985), Makeyeva (1988) and
Glover et al., (1988a,b). Microalgae are better adapted than cyanobacteria to a
deep water environment (with the possible exception of deep water Synecho-
coccus) because they can use the blue-violet light at the base of the euphotic
zone for photosynthesis (Wood, 1985; Glover et al., 1986a, 1987).

As observed on the vertical distribution pattern described here, cyanobacteria
can play an important role not only at the base of the euphotic layer but also
above. If the former descriptions by several authors (Murphy and Haugen, 1985;
Glover et al., 1985, 1986b; Iturriaga and Marra, 1988) of an abundance peak of
cyanobacteria at the 1% light level in the natural environment are correct
(without underestimates in surface), those were only peculiar cases of surface
oligotrophic conditions (Figure 7d). Furthermore, cyanobacteria can thrive in
the surface layer (Figure 7b, f and g). The subsurface maxima in cyanobacteria
concentrations were only observed at ~50% of cases at various locations in the
coastal Pacific and coastal and open Atlantic ocean (Olson ez al., 1990b). This is
in agreement with results obtained in the Sargasso Sea, where maximum
concentrations were observed in the surface layer (Prézelin er al., 1989;
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Fuhrman et al., 1989). These observations suggest that cyanobacteria can
become physiologically adapted to high light intensity. Kana and Glibert
(1987a,b) have observed, on Synechococcus cultures, that the growth rate of
cyanobacteria was the highest (1.4 day™) when cells were preadapted to high
light intensity (200~2000 p.E m ™2 s~1). However, Morris and Glover (1981) have
reported the existence of a photoinhibitory effect in laboratory-grown cyano-
bacteria.

In fact, the distribution of cyanobacteria in a tropical environment without
any low temperature limitation depends on the available light, which itself varies
with depth, and on the abundance.of nutrients. Generally, maximum cell
abundances of cyanobacteria were reported in enrichment areas, but high
concentrations of cyanobacteria (>8 X 10° cells 1"*) were also observed in poor
nitrate waters (Figures 7b and f and 8). This may be related to the presence in
those cells of phycoerythrin, which is typical of this group. This pigment enables
the cell to capture energy and a storage of nitrogen is likely (Wyman et al., 1985;
Yeh et al., 1986). One consequence of this ability could explain a bloom of
cyanobacteria without increase of microalgae in an area where a nutrient input
occurred. In the 10°S zone of instability, transient inputs have been observed. In
1987, nutrients were observed within the entire water column (Figure 3) and the
combination of a strong northward flowing meridian current (20 cm s™! up to
7°S) with the SEC caused a north-westward shift in plankton populations
(Blanchot et al., 1987) which could explain the presence of high concentrations
of cyanobacteria up to 7°S (Figure 5). In 1988 the input of nutrients probably
occurred earlier, but it may be assumed that many days had gone by from the
time of this temporary nutrient increase to the time of collection, since sampling
at 11°S (September 1988) and north of 10°S (September 1987) was carried out in
waters with low nutrient content but with high cyanobacteria (Figure 5) and, to a
lesser extent, microalgal concentrations (Figure 6). The presence of microalgae
is restricted to high nitrate zones, since microalgae are unable to store as much
nitrogen as cyanobacteria. Therefore, in the zone lying between 10°S and 7°S,
the concentration integrated over 120 m (September 1987, 10°S-7°S zone,
compared with neighbouring zones) was increased by a factor of 4.4 for
cyanobacteria and 1.4 for microalgae. In comparison, when the enrichment was
more important and sustained (as in the equatorial upwelling), the concentration
(1988 versus 1987) was multiplied by 4.7 for cyanobacteria, 3.2 for microalgae
and 1.4 for integrated chlorophyll.

In this latter case, chlorophyll did not increase much for either cyanobacteria
or microalgae. This could be due to three major factors: (i) a miscounting in
oligotrophic waters, where cells could be too ill-defined to be observed with a
classical epifluorescent microscope, leading to an over-estimate of the increase
in cell numbers; (i) a decrease in the cellular pigment concentrations as cell
numbers increased; (iii) changes in the unobserved prochlorophyte cell numbers
which could be very numerous in oligotrophic areas and scarce in upwelling
waters. We have no obvious proof that our counts were underestimated. The
second possibility is the most probable: a similar decrease in cellular pigment
concentration was observed during a bloom of cyanobacteria (Glover et al.,
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1988b). The third factor is very unlikely since Symechococcus seems better
adapted to a low-nutrient level than are prochlorophytes (Vaulot et al., 1990). In
fact, to elucidate this important question other methods must be used, such as
flow cytometry (for prochlorophyte abundance) or flow analyser and sorter (for
pigment cell contents).

The visual estimation method used in this study is quantitatively poor for the
fluorescence intensity and supports only qualitative distinctions between dim or
bright Synechococcus. Even so, in rich zones we observed a bright fluorescence
from the surface down to the deepest layers, a phenomenon which does not
seem to depend solely on the amount of light available. However, Barlow and
Alberte (1985) have reported that the fluorescence level in clones WH7803 and
WHS8018 was greater in high-light grown cells than in low-light cells. Cyano-
bacteria exhibit a high level of fluorescence in or near the nitrate-tich zones. The
fluorescence level slowly decreases with increasing distance from the enrichment
zones. These observations are consistent with the results of laboratory studies on
WH?7803 cells isolated in the open ocean which, when placed in a nitrate-
depleted environment, exhibited a slow decrease in fluorescence (Glibert et al.,
1986). Nevertheless, using more quantitative methods of fluorescence measure-
ment (flow cytometry), it has been clearly established that Syrechococcus
phycoerythrin fluorescence is not only a function of nitrogen level but, more
directly, of light level, i.e. in most cases fluorescence increases with depth
(Olson et al., 1990b). This mean increase in fluorescence was also reported
earlier (Li and Wood, 1988; Olson et al., 1988). Fluorescence changes could also
be due to varying phycourobilin content (Olson et al., 1988, 1990b).

Since the fluorescent halo is not considered as a source of measurement error
(Booth, 1987), the separation of cyanobacteria into two groups (large and small
cells) at the 1 wm threshold is presumed to be accurate. In a natural
environment where the top layer was nitrate deficient, large rod-shaped
cyanobacteria (2 X 1 pm) were observed, but rod-shaped cyanobacteria were
rarely observed where nitrate was present; when nutrients were present in the
surface layer along the upwelling zone, the cells had various shapes (spherical or
ellipsoid) and various sizes (large >1 pm or small <1 pm), whereas when
nitrate was present at depth the cells were large (>1 pm) and spherical. The
cells described in the literature are usually spherical. However, rod-shaped cells
have already been described in the Pacific (Takahashi et al., 1985; Makeyeva,
1988), in the surface water of the Atlantic (Li and Wood, 1988), and in the Baltic
Sea (Jochem, 1988). The presence of rod-like cells could be related to an
interruption of cell division concomitant to an enlargement in size, as observed
under culture in nutrient starvation conditions by Glibert et al. (1986). In fact,
cyanobacteria can exhibit large variations in size even when they belong to the
same strain. Their size increases with depth (Glover et al., 1985; Mikaleyan,
1987; Li and Wood, 1988; Olson et al., 1990b) or during nitrogen starvation
(Glover et al., 1986a). Their size decreases in response to nutrient replenish-
ment (Glibert et al., 1986). In the field the smallest of cyanobacteria were
observed in regions of maximum cyanobacteria abundance (Vaulot and Xiuren,
1988). ‘
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Hydrological conditions prevailing during the two cruises were very different:
El Nifo conditions were present in September 1987 and normal westward
flowing currents with equatorial upwelling in September 1988. The results of this
study have allowed us to describe the effect of these interannual variations
linked to the ENSO cycle on the distribution and biomass of phytoplankton in
the Western Pacific Ocean. In general, with El Nifio conditions prevailing and
preventing an equatorial upwelling, chlorophyll concentrations and cyano-
bacteria and microalgae populations are low. Conversely, when conditions are
back to normal, the return of the equatorial upwelling induces an increase in the
surface nutrient concentration, producing increases in chlorophyll concentration
and cyanobacteria and microalgae abundances (integrated over 120 m) of 1.4,
4.7 and 3.2 respectively. These changes affect the size structure of the cells in
such a way that the <1 pm fraction contains 60% of the total chlorophyll in the
absence of nitrate (Figure 10), and 40% when present (Le Bouteiller ef al.,
1991). It has also been shown that these changes can affect primary production
and biomass of zooplankton (Blanchot et al., 1989). As reported by these
authors, the integrated primary production over 120 m and the mesozooplank-
ton biomass are greater by a factor of 2.5 in conditions of equatorial upwelling.
This is consistent with the results of studies carried out in the eastern tropical
Pacific Ocean, where a fast drop in copepod populations was observed during El
Nifio conditions in 1982~83 (Dessier and Donguy, 1987).
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