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ABSTRACT. – A pico-phytoplankton community, dominated by Synechoccoccus
sp., was present through the year in the Bay of Palma, showing high dynamics, with
changes across the Bay observed at a scale of a week. The populations of pico-
phytoplankton showed high seasonality. Synechococcus sp. abundance was maxi-
mal during summer, with an important bloom observed at mid August.
Prochlorococcus sp. showed three moderate blooms at spring, summer, and a larger
one in winter. Pico-eukaryotes abundance varied seasonally, showing the highest
cell concentration by mid April. Despite these differences in cell abundance, the
three pico-phytoplanktonic groups showed similar patterns in the percentage of liv-
ing cells, with peaks in late winter and in early summer, corresponding to the major
peaks in nutrient concentration in the Bay. Similarly, the lowest % living cells was
observed at late spring, indicative of high pico-phytoplankton cell death when nu-
trient concentration decreased markedly. The high pico-phytoplankton cell viability
of late winter, was followed by moderate increase in cell abundances indicating that
factors other than nutrients were controlling pico-phytoplankton populations. De-
spite the reduced pico-phytoplankton cell death at early summer, only
Synechococcus sp. developed a sizeable bloom, indicating that summer conditions
were more favourable for Synechococcus sp. as compared to other groups. Cell via-
bility helped to elucidate the role of losses vs. stresses in controlling the population
dynamics of pico-phytoplankton communities in the Bay of Palma.

PICOPHYTOPLANCTON
SYNECHOCOCCUS SP.

PROCHLOROCOCCUS SP.
MÉDITERRANÉE

VARIATIONS SAISONNIÈRES
TAUX DE MORTALITÉ CELLULAIRE

RÉSUMÉ. – Une communauté de picophytoplancton dominée par Synechoccoccus
sp., présente pendant toute l’année dans la Baie de Palma, a montré une forte dyna-
mique et des changements le long de la baie observés à l’échelle temporelle d’une
semaine. Les populations de pico-phytoplankton ont montré une variation saison-
nière importante. Synechococcus sp. offre la plus grande abondance en été, avec un
maximum à la mi-août. Prochlorococcus sp. présente 3 pics en hiver, au printemps
et en été, le premier étant le plus important. L’abondance des picoeucariotes pré-
sente des variations saisonnières, avec la plus grande concentration de cellules à la
mi-avril. Au delà de ces différences en quantité de cellules, les trois groupes phyto-
planctoniques offrent des patrons similaires du taux de survie, avec des maxima à la
fin de l’hiver et au début de l’été, correspondant aux deux pics les plus élevés de
concentration en substances nutritives dans la baie. Similairement, le taux plus bas
de cellules vivantes, indicatif d’une forte mortalité du pico-phytoplancton, est ob-
servé à la fin du printemps, quand la concentration en substances nutritives chute
fortement. L’augmentation modérée de l’abondance des cellules suit la haute viabi-
lité de la fin de l’hiver, ce qui indique que des facteurs autres que la présence de
substances nutritives contrôlent les populations de pico-phytoplancton. Malgré la
réduction de la mortalité des cellules de pico-phytoplancton au début de l’été, seul
Synechococcus sp. développe un bloom important, ce qui indique que les conditions
estivales lui sont plus favorables qu’aux autres groupes. La viabilité des cellules
permet d’élucider le rôle des pertes – tensions dans le contrôle de la dynamique des
populations du picoplancton dans la Baie de Palma.

INTRODUCTION

Pico-phytoplankton, including Synechococcus
sp., Prochlorococcus sp. and pico-eukaryotes, are
the dominant autotrophic components of the

oligotrophic ocean and are important in Mediterra-
nean coastal areas (Vaulot et al. 1990, 1996,
Agawin et al. 1998, Jacquet et al. 1998).
Phytoplankton productivity and biomass shows a
seasonal variability in the coastal NW Mediterra-
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nean Sea characterized by an important late winter
bloom (Margalef & Castellvi 1967, Margalef &
Ballester 1967, Estrada 1979, Duarte 1999), and
the dominance of pico-phytoplankton in the sum-
mer (Mura et al. 1996, Vaulot 1990). The seasonal-
ity of phytoplankton in coastal Mediterranen areas
is also influenced by the summer influx of tourists,
which typically generates a 2- to 10-folds increase
in population of the coastal towns (Duarte et al.
1999), resulting in increased inputs of nutrients
associated to the water discharges to the sea.

Changes in the abundance and composition of
phytoplankton communities are the combined re-
sult of varying growth and losses of the
phytoplanktonic groups forming the communities
in response to the varying environmental condi-
tions (e.g. Harris 1986). Analysis of the distribu-
tion and changes in pico-phytoplankton communi-
ties have been generally focussed on the role of
growth capacities (e.g. Partenski et al. 1996,
Vaulot et al. 1996) neglecting the potential role of
losses and differential sensitivity to stress as struc-
turing processes. Yet, recent studies have identified
differential cell death across taxa to be a major fac-
tor structuring phytoplankton communities in the
Mediterranean littoral (Agustí & Sánchez 2002)
and Atlantic Ocean (Agustí 2004). These studies
showed that phytoplankton lysis rates experienced
high seasonally in the Mediterranean littoral
(Agustí & Duarte 2000), and that the proportion of
living cells of the phytoplanktonic community var-
ied during the summer among the taxa forming the
communities, including pico-phytoplankton (Agustí
& Sanchez 2002).

In this study, we examined the distribution and
seasonal variability of the pico-phytoplankton
community in the Bay of Palma, an oligotrophic
Bay located in Majorca Island (Balearic Islands,
NW Mediterranean Sea). We also quantified the
proportion of living cells for the different groups
forming the pico-phytoplankton community in an
attempt to elucidate the importance of environmen-
tal conditions and the different cell death of the
pico-sized groups in explaining the seasonal pat-
terns of the pico-phytoplankton community
observed in the Bay.

METHODS

Sampling was conducted in the Bay of Palma, a large
(mean depth 31 m, 19.3 km across, 215.8 km2)
oligotrophic bay. The bay contains an important human
population, concentrated in the city of Palma de
Mallorca (~360 000 inhabitants) and a seasonal maxi-
mum population of approximately 500 000 inhabitants in
summer.

Sampling was conducted at Bahia station (39o

31.8’ N, 2o 36.60’ E) located at the littoral of the Bay,
with an interval of 15 days to a month between the sam-

pling events, from October 2001 to October 2002. Inte-
grated (0 to 7 m) water samples were collected with a
vertical 7 m long tube to deliver the contents into acid-
washed carboys (Navarro et al. 2004). Pico-
phytoplankton abundance and cell viability (cell diges-
tion assay, Agustí & Sánchez 2002) were analyzed in
fresh sub-samples of the integrated water by flow
cytometry as indicated below.

Two cruises were performed during March 2002
(EUBAL-I) and June 2002 (EUBAL-II), on board the RV
Tethys and RV Mytilus respectively, to examine patterns
of spatial variation in pico-phytoplankton distribution
and other properties of the Bay of Palma. During the two
cruises, water samples were taken by using Niskin bot-
tles attached to a CTD-Rossette system. Two surveys, in-
volving the surface sampling at 5-11 stations, were made
during EUBAL-I (surveys on 7 and 11 March 2002) and
EUBAL-II (surveys on 21 and 26 June 2002). All the
surveys included the sampling at Bahia station (39o

31.8’ N, 2o 36.60’ E), and at two other reference stations
(Posidonia station (39º 30’ N, 2º 32.3’ E) and Cap
Enderrocat station (39º 21’ N, 2º 44.4’ E), Gazeau et al.
2005). Water samples for pico-phytoplankton cell abun-
dance distribution were fixed with glutaraldehyde (1%
final concentration), frozen in liquid nitrogen and stored
at –80ºC until analyzed at the laboratory using flow
cytometry.

For both the temporal study and the surveys, 15 ml
sub samples were taken for nutrient (phosphate and ni-
trate+nitrite) determination, and stored frozen until
colorimetric analysis by standard auto-analyzer methods
(Grasshof et al. 1999).

Samples of 200 mL were filtered through Whatmann
GF/F filters to estimate total chlorophyll a concentration
(chl a). Chl a was measured fluorometrically (Turner
Designs fluorometer) in 90% acetone extracts of filters
preserved frozen following Parsons et al. (1984).

The proportion of living and dead cells in the popula-
tions of the pico-phytoplankton communities was quanti-
fied using the cell digestion assay (Agustí & Sánchez
2002). The cell digestion assay was applied to duplicated
samples, by adding 100 µl of DNAse I solution
(400 µg ml-1 in HBSS (Hanks’ Balanced Salts)) to 0.5 ml
water sample, followed by incubation for 15 min at
36ºC. After this time, 100 µl of Trypsin solution (1% in
HBSS) were added, followed by incubation for addi-
tional 30 min at 36ºC. At the end of the incubation sam-
ples were placed in ice to stop the reaction and analysed
by flow cytometry. Parallel to this analysis, fresh (or
fixed with glutaraldehyde from the surveys) duplicated
samples from each sampling event were analyzed by
flow cytometry to quantify the total abundance of pico-
phytoplankton cells.

Samples for the determination of pico-phytoplankton
total cell abundance (untreated samples) and living cells
(after the cell digestion assay) were counted in duplicate
on a FACSCalibur flow Cytometer (Beckton Dickinson).
An aliquot of a calibrated solution of 1 µm diameter flu-
orescent beads (Polysciences Inc.) was added to the sam-
ples as an internal standard for the quantification of cell
concentration. The fluorescences scattering signals of
the cells and beads were used to detect different popula-
tions and to differentiate them from the fluorescent
beads (Marie et al. 1999).

The cells counted after the cell digestion assay repre-
sent the living cells in the community, whereas the cells
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counted in untreated samples represented the total popu-
lation (living and dying cells). The percentage of living
(or viable) cells was calculated as the ratio between the
concentration of cells after the enzyme digestion, and
the cell concentration of untreated samples, which repre-
sent the total (dead plus living) cell population.

RESULTS

The Bay of Palma showed high variability in nu-
trient concentration associated with the seasonality
of the Bay as indicated by the changes in water
temperature (Fig.1). Nitrate+Nitrite concentrations
were higher during the wintertime, with the maxi-
mum concentration detected in February, and
showing lower values during the summer when the
lowest concentration was detected (0.3 µM, Fig. 1).
Phosphate concentration however, showed low val-
ues throughout the year, increasing during the sum-
mer time and in fall (Fig. 1). Chlorophyll a concen-

tration varied also seasonally, showing a peak in
late winter and a second peak in summer (Fig. 1).

The pico-phytoplankton in the Bay of Palma
was composed of populations of Synechococcus
sp., Prochlorococcus sp. and pico-eukaryotes, with
a year averaged abundance of 6.59 ± 2.20 × 104,
1.66 ± 0.30 × 104, and 6.51 × 1.34 × 103 cells ml-1

(mean ± SE) for Synechococcus sp., Prochlorococcus
sp. and pico-eukaryotes respectively, indicating,
that Synechococcus sp. tended to be more abundant
than the other pico-phytoplanktonic groups.

The distribution of pico-phytoplankton at the
surface of the Bay of Palma was not homogeneous
and showed changes in the distribution across the
Bay that could be observed at a scale of a week
(Fig. 2, 3). Besides these changes, there were dif-
ferences according to the time of the year. During
March the highest concentration of the three pico-
phytoplankton groups were found in the external
area of the Bay, away from the littoral (Fig. 2) and
in June the highest concentrations of pico-
phytoplankton were located at the littoral area
(Fig. 3).
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Fig. 1. – Temporal variation of water tempera-
ture (grey discontinuous line), nutrient
concentration (Nitrate+Nitrite and Phosphate
respectively) and chlorophyll a (solid lines,
full circles) in the Bay of Palma (Bahia sta-
tion). Solid lines: fitted smoothed line for nu-
trients and chlorophyll a variability.



There were also differences in the cell concen-
tration of pico-phytoplankton between the periods
of the surveys, associated with the seasonal vari-
ability (Fig. 4A). Synechococcus sp. abundance
was maximal in summer (Fig. 4A) with an impor-
tant bloom observed at mid August reaching a
maximum abundance of 4.62 × 105 cells ml-1. The
abundance of living cells during the annual cycle
of Synechococcus sp. paralleled that for the total
population abundance and reached a maximum in
the summer with 1.84 × 105 cells ml-1. The pattern
of temporal abundance of Prochlorococcus sp.
(Fig. 4A) differed from that observed for
Synechococcus sp., with the maximum abundance
reached by mid December with 6.5 × 104 cells ml-1

(Fig. 4A). Three moderate blooms of Prochlorococcus
sp. were detected, with the largest one observed in
winter (December), followed by periods of in-
creased abundance in April and during the sum-
mer time, from July to September (Fig. 4A).
Prochlorococcus sp. living cells followed the same
pattern than the total cell abundance with an in-
crease in the concentration by mid December, and
secondary maxima to mid April and July.

Pico-eukaryotes abundance was also highly sea-
sonal, with a bloom found in April and May show-
ing the highest cell concentration by mid April
(2.48 × 104 cells ml-1), although the cell concentra-
tion of Pico-eukaryotes was highly variable during
this period (Fig. 4A). Pico-eukaryotes abundance
increased again during the summer time showing
low cell concentration during fall and winter
(Fig. 4A). The low concentration of the pico-
eukaryotic community detected in some periods
precluded the regular quantification of living cells
that was difficult when total cell concentration de-
creased below 4.5 × 103 cells ml-1.

The percentage of living cells found ranged
from 16 to 94% for Synechococcus sp., from 26 to
100% for Prochlorococcus sp and from 20 to 94%
for pico-eukaryotes. Two periods of increased via-
bility were observed for both Synechococcus sp.
and Prochlorococcus sp. during the period studied
(Fig. 4B). Prochlorococcus sp. maximum living
cells was found at late winter, with the highest
percentage of living cells found from mid Janu-
ary to March, preceding the April bloom of
Prochlorococcus, and a second period of high via-
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Fig. 2. – Distribution of Synechococcus sp., Prochlorococcus sp., and pico-eukaryotes cell abundance (cells ml-1×104 )
at the surface waters of the Bay of Palma, during two sampling surveys in March 2002. Full circles: sampling stations.



bility observed at the early summer. The fall and
the beginning of winter represented a period of
higher cell death for Prochlorococcus sp. with
maximum cell death (minimum % living cells) ob-
served in late spring, concurrent with the decay of
the April bloom. Synechococcus sp. showed the
highest % living cells also at late winter (February
and March, Fig. 4B) and a second period of high
viability observed from the beginning to mid sum-
mer preceding the summer bloom (Fig. 4B). As ob-
served for Prochlorococcus sp., the % living cells
of Synechococcus sp. declined greatly in spring
(Fig. 4B) indicating high cell death.

Despite the limited data on viability on pico-
eukaryotes, the temporal distribution of the viabil-
ity values obtained indicated that their cell death
varied in agreement with the patterns of viability
found for the pico-cyanobacteria, with increasing
values of % living cells at late winter and at the be-
ginning of the summer, and showing higher cell
death, indicated by a minimum in the percentage of
living cells, by May (Fig. 4B).

DISCUSSION

The pico-phytoplankton community observed in
the Bay of Palma was composed by Synechococcus
sp. Prochlorococcus sp. and pico-eukaryotes and
showed abundances comparable to those found in
other Mediterranean areas (Jacquet et al. 1998,
Ferrier-Pages & Rassoulzadegan 1994, Vaulot et
al. 1990, Agawin et al 1998). Synechococcus sp.
was the major component of the pico-
phytoplanktonic community during all the seasons.
The three pico-phytoplankton groups present in the
Bay of Palma showed important seasonality and
differed in the period of peak abundance, which
were observed in winter, summer and spring for
Prochlorococcus sp., Synechococcus sp. and pico-
eukaryotes, respectively. Despite the differences
found in the timing of the occurrence of peak abun-
dance, Prochlorococcus and pico-eukaryote abun-
dances were positively correlated to that of
Synechococcus sp. (r = 0.53, P<0.0001, r = 0.52,
P<0.0001 for Prochlorococcus sp. and pico-
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Fig. 3. – Distribution of Synechococcus sp., Prochlorococcus sp. and pico-eukaryotes cell abundance (cells ml-1×104)
at the surface waters of the Bay of Palma, during two sampling surveys in June 2002. Full circles: sampling stations.



eukaryotes respectively), as observed for Mediter-
ranean communities elsewhere (Vaulot et al. 1990,
Ribes et al. 1999). This suggests that, despite dif-
ferences described for growth requirements
(Scanlan & West 2002, Vaulot et al.1990), the pop-
ulations were affected by similar controls in the
Bay of Palma (e.g. water temperature, nutrients
availability, grazing, etc.).

The development of a late winter phytoplankton
bloom is one of the most coherent seasonal fea-
tures of the NW Mediterranean sea (Margalef &
Castellvi 1967, Margalef & Ballester 1967, Mura
et al. 1996, Duarte et al. 1999, Duarte et al. 2004).
This bloom was also described for the Bay of
Palma, which showed the maximum chlorophyll a
concentration in February-March 2002 (Navarro et
al. 2004). The temporal distribution observed for
the pico-phytoplankton community indicated their
minor contribution to the late winter phytoplankton
bloom, suggesting that the factors influencing the

dynamics of pico-phytoplankton should differ from
that of diatoms and large flagellates (e.g. Alonso-
Laita & Agustí, submitted) which comprised the
late winter bloom. The development of a summer
phytoplankton bloom, described for the Bay of
Palma and the Mediterranean coast elsewhere
(Navarro et al. 2004, Mura et al. 1996, Duarte et
al. 1999) has been related to the increased input of
nutrients, especially phosphate associated with the
sewage from the tourist peak in the Mediterranean
coast (Duarte et al.1999). The large summer bloom
of Synechococcus sp. observed in the Bay of Palma
also may be related to the increased phosphate con-
centration in the Bay. Indeed phosphorus has been
identified as the main limiting nutrient in the Med-
iterranean Sea (Thingstad et al. 1998, Krom et al.
1991) and the division rate and growth of
Synechococcus sp. has been described to respond
to low increases in phosphorus concentration in the
Mediterranean summer (Vaulot et al. 1996).
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Fig. 4. – A, Seasonal variation in the abundance (solid line, full circles ± standard deviation) for Synechococcus sp.
Prochlorococcus sp. and pico-eukaryotes) from October 2001 to October 2002 in the Bay of Palma (Bahia station).
B, Temporal variation of the percentages of living cells (% living cells, solid line, full circles ± standard deviation) of
Synechococcus sp., Prochlorococcus sp., and pico-eukaryotes, from October 2001 to October 2002 in the Bay of Palma
(Bahia station). Broken line: temperature.



The spatial distribution of pico-phytoplankton
in the Bay of Palma during the surveys suggested a
relationship between the dynamics of this commu-
nity and the water circulation in the Bay (Gazeau
et al. 2005). During the March surveys, the dynam-
ics of water in the Bay was fast with a resident time
of 2.5 ± 0.2 d (Gazeau et al. 2005) which explain
changes in the pico-phytoplankton distribution ob-
served at the short scale of a week. During the be-
ginning of the first cruise (March 2002) the water
entered the bay along its Western side, while the
water outflow was dominantly through the Eastern
side. The circulation changed to the opposite direc-
tion toward the end of the cruise (12-March-2002,
Gazeau et al. 2005) influencing the distribution of
pico-phytoplankton in the Bay. The residence time
of the water in the Bay of Palma increased by sum-
mer (10 days, Gazeau et al. 2005), with conse-
quences for the renovation of the nutrients, increas-
ing the persistence of land inputs in the bay and
decreasing the exchange with the external waters
(Gazeau et al. 2005). During the summer surveys,
the highest concentration of pico-phytoplankton
was detected at the more littoral stations, indicat-
ing a local response to the increased nutrients from
land inputs in the littoral zone.

Pico-phytoplankton showed an important sea-
sonal variability in cell death, as indicated by the
changes observed in the percentage of living cells.
The variability in percentage of living cells,
contrary to that found for the occurrence of
blooms, showed a similar seasonal pattern for all the
picophytoplanktonic groups. The viability of
Synechococcus sp., Prochlorococcus sp. and pico-
eukaryotes showed two peaks, indicative of low cell
death, in late winter and in early summer. The two
peaks in pico-phytoplankton viability corresponded
to the two major peaks in nutrient concentration in
the Bay of Palma. The two peaks of nutrients coin-
cided with similar peaks in dissolved organic nitro-
gen, that could explain the positive response of
Prochlorococcus sp. to inorganic nutrients despite
the inability of this genera to use nitrate (Moore et al.
2002). Similarly, the lowest % living cells, indicative
of high pico-phytoplankton cell death, was observed
at the period when nutrient concentration decreased
markedly and the water temperature began to in-
crease, indicating summer stratification of the water
column. A similar period of high phytoplankton cell
death preceding the summer was described for the
Spanish Mediterranean coast, where both pico-sized
and larger phytoplankton cells showed the lowest vi-
ability, as determined by high phytoplankton lysis
rates (Agustí & Sánchez 2002).

The high % living cells of pico-phytoplankton
observed in late winter preceded the spring blooms
of Synechococcus sp. and Prochlorococcus sp., this
high cell viability, associated to the increased nu-
trient concentration in the Bay, resulted however in
moderate cell abundances, indicating that factors

other than nutrients were also important in control-
ling these populations. The low water temperature
at this period may, by slowing growth rate, pre-
clude the development of larger blooms, due to
the described temperature-dependent growth of
Synechococcus sp. and Prochlorococcus sp.
(Moore et al. 1995, Agawin et al. 1998, Partensky
et al. 1999). Grazers are reported to exert a strong
control over pico-phytoplankton populations in the
Mediterranean Sea (Agawin & Agustí 1997,
Agawin et al. 2000, Agawin et al. 2004) and may
be responsible for the control of the magnitude of
the blooms observed, in addition to the losses im-
posed by cell death. During the early summer, the
increase in cell viability observed, indicative of re-
duced pico-phytoplankton cell death, preceded the
summer blooms. The increased viability of pico-
phytoplankton at the early summer is associated
with the increased phosphate concentration in the
Bay of Palma. The summer increase in pico-
phytoplankton viability, could be also facilitated
by the higher water temperature. For the Subtropi-
cal Atlantic Ocean, Alonso-Laita & Agustí (sub-
mitted) found that water temperature strongly in-
fluenced pico-cyanobacteria cell viability, with
Synechococcus sp. and Prochlorococcus sp.
viability increasing at temperatures above 21ºC
(Alonso-Laita & Agustí submitted).

Despite the reduced cell death of all the pico-
phytoplanktonic groups at the early summer, only
Synechococcus sp. developed a sizeable bloom in
the Bay of Palma. This indicates that the condi-
tions for growth during summer are more favour-
able for Synechococcus sp. than for the other
groups. Synechococcus sp. cell division strongly
increases with increased water temperature (e.g.
Agawin et al. 1998) and phosphorus inputs (Vaulot
1996). Also, the differences recently described in
the sensitivity to PAR and UVR for the different
pico-phytoplankton groups, indicated that
Synechococcus sp. is more resistant to high solar
radiation levels than Prochlorococcus sp. and pico-
eukaryotes are (Agustí 2004, Llabrés & Agustí
2006 in press), which could also be an advantage
for Synechococcus sp. during the summer time.

In summary, an important pico-phytoplankton
community was present throughout the year in the
Bay of Palma, with Synechococcus sp. population
dominating the pico-phytoplanktonic community.
The different groups showed different seasonal pat-
terns in abundance, but a similar response in % of
viable cells, which increased preceding the late
winter bloom and in early summer, indicating these
periods of relatively high nutrient availability as
the most favourable for pico-phytoplankton in the
Bay of Palma. The results demonstrate the useful-
ness of assessing viability patterns along with
abundance, to elucidate the relative roles of losses
vs. stresses in controlling the population dynamics
of pico-phytoplankton communities.
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