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Picophytoplankton diversity and photoacclimation 
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summer. I. Mesoscale variations
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ABSTRACT: Phytoplankton dynamics w ere investigated at the m esoscale in the northern part of the 
Strait of Sicily in July-August 1997 on fractionated samples (<3 and >3 pm) using HPLC pigm ent 
analysis and flow cytometry. Distribution, diversity and photoacclimation varied within the different 
w ater masses and features present at the time of sampling, including a surface filament of deep, cold 
water. Picophytoplankton (<3 pm) accounted for 80% of total chlorophyll on average, and was 
numerically dom inated by cyanobacteria of the genus Prochlorococcus, w ith an average concentra
tion of 5.2 X  IO4 cells ml-1. The biomass and pigm ent diversity of picophytoplankton w as higher in the 
deep chlorophyll maximum (DCM) and w as related to hydrological and biological features, w hereas 
larger phytoplankton (>3 pm) appeared  to respond to different cues. Chlorophyll pigm ent content 
per cell of Synechococcus spp., Prochlorococcus spp. or picoeukaryotes w as estim ated by coupling 
pigm ent data w ith flow cytometric counts. In Prochlorococcus spp., we found an average of 0.44 and 
1.56 fg divinyl-chlorophyll a (dvchl a) cell-1 in surface and DCM layers, respectively. In contrast, chi a 
content in the picoeukaryote group ranged betw een 17 and 168 fg chi a cell-1, depending upon depth 
and w ater mass, w hich suggested strong photoacclimation and photoadaptation with depth. The 
relative contribution of each eukaryote pigm ent to one size class or the other changed through the 
w ater column, and reflected size segregation within single taxonomic groups.
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INTRODUCTION

The diversity of phytoplankton communities and 
the dom inance of particular populations are the result 
of num erous factors, including nutrients, light, hy
drology and biological factors such as competition 
(Pemberton et al. 2004). In order to better define the 
interactions betw een  different param eters and to 
assess their relative importance, it is necessary to 
consider the 'traits' of species in communities (Nor- 
berg  2004), w hich are relevant biological param eters 
that determ ine responses to the environm ent. Among 
these, size represents a key param eter to be consid

ered: it is a strong determ inant of ecosystem function
ing by influencing, am ong other things, grow th rates, 
nutrient uptake, buoyancy and response to mixing 
(Fogg 1991, Prézelin et al. 1991). Indeed, the com m u
nity structure— as related  to size as well as taxon
om y—influences both the photophysiology (the focus 
of this study) and the fraction of new  to total produc
tion, and is therefore strongly related  to ecosystem 
functioning.

In this study, phytoplankton diversity was investi
gated  using pigm ent analysis on 2 size fractions: the 
picophytoplankton (< 3 pm, M oon-van der Staay et al. 
2001) and the nano- and m icrophytoplankton (>3 pm).
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Data from HPLC-pigment analysis w ere coupled to 
flow cytometry counts to obtain pigm ent content per 
cell, used as an indicator of light adaptation. Using this 
approach, we w ere able to separate and to assess the 
contribution of the picophytoplankton to total com m u
nity composition, diversity and physiological state, 
mainly by exam ining the pigm ent content and vari
ability per cell. So far, this approach has been  used to 
better characterize the phytoplankton community in 
term s of chlorophyll or divinyl-chlorophyll (Brunet & 
Lizon 2003, Veldhuis & Kraay 2004), but very few stud
ies have coupled pigm ent analysis and flow cytometry 
to describe picoeukaryotes in fractionated samples 
(Not et al. 2005). Apart from providing insights into 
their taxonomic diversity as well as their photoacclim a
tion properties, this approach can quantitatively com 
plem ent information from molecular tools, w hich have 
recently revealed the high specific diversity of 
picoeukaryotes in several m arine ecosystems (Moon- 
van der Staay et al. 2000, 2001, Diez et al. 2001, 2004, 
Not et al. 2002, 2005).

The study area chosen provided an ideal area to 
study the interaction of plankton biology with hydro
dynamics, because it is a location of active mesoscale 
dynamics, w ith recurrent physical structures such as 
fronts, filaments and m eanders (Lermusiaux & Robin
son 2001), w hich contribute to active biological p ro
duction. In fact, the Strait of Sicily is known as a biolog
ically rich area  and a key site for the M editerranean 
Sea in term s of fisheries (Garcia Lafuente et al. 2002, 
Cuttitta et al. 2003).

In July 1997, a cruise was conducted w ithin the 
fram ework of the Synoptic M esoscale Plankton Exper
im ent (SYMPLEX) project (Bohm et al. 1998), which 
aim ed to investigate phytoplankton dynamics in re la 
tion to mesoscale physical features. M ultiple stations 
w ere sam pled across the main features identified at 
the time of sampling, nam ely Atlantic Water, Ionian 
Water, a surface filament and a haline front.

The main aim of this study was to investigate phyto
plankton composition and physiological traits in re la 
tion to w ater mass characteristics. In particular, we 
focused on the picoeukaryote com ponent in term s of 
diversity and photoacclimation, in order to relate these 
traits to general dynamics at the mesoscale. Photo
acclimation is a key process w hich optimizes light 
utilization to allow algal cells to m aintain active photo
synthesis and growth. The study of photoaclimation 
provides valuable information at the physiological 
scale, because photoprotective pigm ents can affect the 
quantum  yield of photosynthetic carbon fixation (Babin 
et al. 1996). In addition, at the ecological level, m arkers 
of photoacclimation can be used as tracers of vertical 
movem ents in the upper layer of the w ater column 
(Brunet et al. 2003).

The data obtained provide information on ecosystem 
functioning and are representative of the Strait of 
Sicily in summer. Indeed, the community structure in 
term s of size and taxonomic composition is a strong 
determ inant of photophysiology, which, in turn, is a 
response to changes in the physical environm ent. 
Therefore, these data provide useful insights for the 
description of ecosystem functioning of the oligo
tro p h a  M editerranean Sea.

MATERIALS AND METHODS

Sampling. Fifty stations w ere sam pled from 19 July 
to 1 August 1997 on board RV 'Urania' (Fig. 1). Contin
uous profiles of tem perature, salinity and density w ere 
acquired w ith a CTD probe (SBE 19, Seabird E lectron
ics). Vertical light profiles (photosynthetically active 
radiation: PAR) w ere obtained from a spectroradio- 
m eter (SPMR, Satlantic) at 12:00 h (local time) on days 
w hen  the sky was clear.

Discrete w ater samples w ere taken  at 6 or 8 depths 
betw een 5 and 120 m, with a rosette sam pler equipped 
w ith twenty-four 10 1 Niskin bottles, for analysis of 
nutrients, phytoplankton pigm ents and cell abundance 
by flow cytometry.

Fig. 1 shows the station locations and the position of 
a surface filament of cold water, originating from 
coastal upwelling and wind advection, w hich is a 
recurrent feature of this area (Lermusiaux & Robinson 
2001). W ater mass classification followed M alanotte- 
Rizzoli et al. (1999).

Nutrients. Nitrate, nitrite, silicate and phosphate 
concentrations w ere determ ined on board  w ith fresh 
samples using the colorimetric procedure of Grasshof 
(1983).

Flow cytometry. Live samples w ere analyzed on 
board using a FACScalibur flow cytometer (Becton 
Dickinson), equipped with a standard laser and filter 
set and using 0.22 pm filtered seaw ater as the sheath 
fluid. Fluorescent beads w ith a diam eter of 0.97 pm 
(Polysciences) w ere added to each sample as an in ter
nal standard, and all param eters w ere norm alized to 
the beads and expressed as relative units. Data w ere 
analyzed using CellQuest software (Becton-Dickin- 
son). Further details are provided in Casotti et al. 
(2000). Three populations of picophytoplankton w ere 
identified and enum erated  based upon their scattering 
and autofluorescence: Prochlorococcus spp. (hereafter 
Prochlorococcus), Synechococcus spp. (hereafter S yn 
echococcus) and picoeukaryotes (Olson et al. 1993).

In the case of extrem ely dim Prochlorococcus popu
lations at the surface, the population was assum ed to 
have a norm al distribution and the hidden portion was 
extrapolated, as indicated by Casotti et al. (2003).
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Fig. 1. Study area and sam pling stations. The area delim ited by the dashed 
lines indicates the surface filam ent location

Pigments. For each sample, 3 1 of seaw ater w ere fil
tered  onto Nuclepore filters of 3 pm pore size and the 
filtrate onto W hatm an GF/F filters. Filters w ere frozen 
and stored at -40°C  in the dark for a maximum of 2 wk 
before analysis. Frozen filters w ere mechanically 
ground in 100 % m ethanol and the extract injected into 
a Beckman System Gold HPLC following the proce
dure of Vidussi et al. (1996). A 3 pm C8 BDS column 
(100 X  4.6 mm) was used and the mobile phase was 
composed of 2 solvent mixtures: (1) m ethanol/aqueous 
ammonium acetate, ratio 70/30, and (2) methanol. 
A bsorbance was detected  at 440 nm using a model 168 
Beckman photodiode array detector. Fluorescence was 
m easured using a Sfm 25 Kontron spectrofluorometer 
w ith excitation at 407 nm and emission at 660 nm. 
Monospecific algal cultures and purified pigm ents 
from the W ater Quality Institute, International Agency 
for 14C Determination, w ere used as standards.

The contribution of each phytoplankton group to 
total phytoplankton biomass (chi a) was obtained using 
group-specific conversion factors determ ined em piri

cally, based upon different pigm ents used 
as taxonomic m arkers for the 2 size frac
tions (Casotti et al. 2000).

From pigm ent descriptors, the Shan
non-W iener diversity index (H', Weithoff 
et al. 2001) was calculated as: 

s
H ' =  XPiiogaPi

i-i
w here S  is the num ber of classes and p¡ is 
the relative abundance of class i (Zp¡ = 1 ).

From H ' , Pielou's evenness index J' was 
calculated as:

TT
max

w here Hmax is the highest diversity esti
m ated in all samples and is calculated as:

-̂ max — log-2-!

w here i is the num ber of descriptors used 
(Frontier 1985).

The value of J' falls entirely w ithin the 
range from 0 to 1, thus providing a scale- 
free m easure of evenness. Both indices 
w ere calculated for the pigm ent descrip
tors separated  by size class (6 descriptors 
for the >3 pm size fraction and 7 for 
the <3 pm size fraction) as well as for 
all descriptors pooled together (13 d e 
scriptors).

The Fp ratio, w hich relates the biomass 
of phytoplankton responsible for new  
production to total phytoplankton bio

mass (Claustre 1994), was estim ated as the ratio 
betw een fucoxanthin and peridinin and the sum of all 
chemotaxonomic biom arker pigm ents (fucoxanthin, 
19 ' hexanoyloxyf ucoxanth in , 19' but anoy loxyf ucoxan - 
thin, peridinin, alloxanthin, zeaxanthin and chi b).

Apart from taxonomic pigm ents generally involved 
in the photosynthetic process, we also identified and 
quantified 2 pigm ents involved in photoprotection: 
diatoxanthin (Dt) and diadinoxanthin (Dd). These are 
com ponents of an epoxidation-de-epoxidation cycle 
present in brown algae, w hich is regulated  by light 
(Brunet et al. 2003). The ratio of single pigm ents to chi 
a indicates w hat proportion of the pigm ent pool is 
devoted to protect cells from excess light, w hereas the 
ratio of each pigm ent to the 2 pooled together (e.g. 
Dt/[Dt + Dd]) is independent of chi a concentrations, 
and is therefore an indicator of the activation of the 
photoprotection process.

Dt and Dd, together w ith zeaxanthin and ß-carotene 
(which may also act as a photoprotectant) are defined 
here  as non-photosynthetic carotenoids (NPC), and
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their ratio to carotenoids involved in photosynthesis 
(photosynthetic carotenoids: PC) w ere previously used 
as an indicator of photoprotection at the community 
level (Lindley et al. 1995).

In order to investigate picoeukaryote photoacclim a
tion, intracellular chi a concentrations of these algae 
w ere estim ated by dividing the fraction of the <3 pm 
chi a attributable to picoeukaryotes by their cell num 
bers obtained by flow cytometry. In order to do so, we 
followed a 2-step procedure. Firstly, and considering 
zeaxanthin as a m arker pigm ent of prokaryotes, we 
used a m ean value of 0.77 for the ratio zeaxanthin/ 
divinyl-chlorophyll a, as reported  by Partensky et al. 
(1993) in a culture study of photoacclimation of a 
M editerranean strain of Prochlorococcus. In addition, 
we calculated the zeaxanthin contribution of S yn e
chococcus by using a value of 1.8 fg zeaxanthin per 
Synechococcus cell, following the study of Kana et al. 
(1988), who investigated photophysiology of S yn e
chococcus under a w ide range of light intensities. This 
allowed us to account for the zeaxanthin attributable 
to the 2 cyanobacteria. Secondly, we used a con
version factor of 0.5 for the zeaxanthin/chl a ratio, 
which allowed separation of Synechococcus from the 
picoeukaryote contribution to chi a. This approach is 
based upon a num ber of assumptions and represents 
an approximation. It is limited by the fact that it uses 
fixed values for the pigm ent ratios, w hich may vary 
w ith light conditions. However, the zeaxanthin/chl a 
ratio is not reported  to vary considerably w ith chang
ing light conditions (Kana et al. 1988, Moore et al. 
1995). Therefore, although one must be cautious w hen 
attem pting to extrapolate the properties of complex

natural communities from single strains of organisms, 
w e considered this to be the best approxim ation possi
ble. In fact, values w ere draw n from studies encom 
passing a w ide range of light conditions and from a 
strain of Prochlorococcus that originated from the 
oligotrophic M editerranean Sea, w hich can be con
sidered representative of populations present in the 
studied area.

Because the HPLC m ethod used did not allow the 
separation of chi b from divinyl-chlorophyl b (dvchl b), 
the chi b content attributable to picoeukaryotes was 
assessed after elim inating the contribution of dvchl b 
from Prochlorococcus. We used values of 0.20 and 
0.10 fg dvchl b per Prochlorococcus cell for low light 
(deep layer) and high light (surface layer) samples, r e 
spectively (values obtained from Partensky et al. 1993).

RESULTS 

Hydrology, nutrients and phytoplankton biomass

Two different w ater masses, based on salinity differ
ences in surface w aters (0 to 50 m), w ere present at the 
time of sampling. Atlantic W ater (AW), w ith lower 
salinity, was situated w est of 15.4°E, and Ionian Water 
(IW), w ith higher salinity, was east of 15.4°E (Fig. 2a, 
Table 1). A haline front, located betw een Stns 50 and 
10, separated  these 2 w ater masses (Fig. 2c). Within the 
IW at the surface, the salinity and tem perature iso- 
pleths curved, indicating the presence of a circular 
hydrological structure (Fig. 2a,b). A shallow (5 m) fila
m ent of colder, denser w ater was observed (Fig. 3a,b),

Table 1. M easured param eters in  different w ater masses: Atlantic W ater (AW), Ionian W ater (IW), and front-filament (FF). N utri
ent concentrations in  pM, biomass (chi a + dvchl a) in  pg  L 1; Surf: surface layer (0-50 m); DCM: deep chlorophyll maximum; 
S: salinity (psu); Pico %: [100(chl a<3 + dvchl a) x (chi a<3 + dvchl a + chi a>3)_1] (chi a<3: chi a concentration in  <3 pm  size fraction; 
chi a>3: chi a concentration in  >3 pm  size fraction); dvchl a %: [100(dvchl a) x (chi a<3 + dvchl a)-1]; J ': evenness index; Fp: ratio 
betw een  fucoxanthin and peridinin and the sum of all chemotaxonomic biom arker pigments; NPC: non-photosynthetic 
carotenoids; PC: photosynthetic carotenoids; Pros, Syn and Picoeuk: cell concentrations (ml4 ) of Prochlorococcus, Synecho

coccus and picoeukaryotes, respectively. SD in brackets

AW Surf AW DCM FF Surf FF DCM IW Surf IW DCM

S 35.87 (4.18) 36.28 (3.86) 37.46 (0.10) 38.04 (0.20) 38.08 (0.26) 38.27 (0.21)
n o 3 0.07 (0.08) 1.22 (1.51) 1.25 (2.01) 3.22 (3.08) 0.12 (0.06) 2.12 (1 .02)
p o 4 0.09 (0.04) 0.21 (0.13) 0.49 (0.52) 0.28 (0.24) 0.12 (0.03) 0.21 (0.08)
SÍO4 0.95 (0.16) 1.86 (1.24) 3.50 (3.45) 2.73 (2.20) 1.10 (0.16) 2.20 (0.74)
Biomass 0.036 (0.010) 0.131 (0.072) 0.054 (0.020) 0.302 (0.081) 0.047 (0.022) 0.193 (0.104)
Pico % 70.20 (9.40) 89.73 (8.76) 73.24 (8.77) 72.77 (10.60) 76.02 (15.00) 83.70 (11.20)
Dvchl a % 34.40 (8.40) 43.90 (8.80) 50.81 (19.20) 29.10 (10.02) 19.30 (12.50) 32.33 (13.20)
J' 0.31 (0.10) 0.53 (0.13) 0.39 (0.08) 0.60 (0 .12) 0.53 (0.19) 0.59 (0.10)
Fp 0.062 (0.030) 0.210 (0.080) 0.235 (0.100) 0.245 (0.07) 0.160 (0.09) 0.310 (0.110)
NPC/PC ratio 4.75 (1.30) 1.19 (0.80) 2.59 (1.00) 0.45 (0.15) 2.00 (1 .20) 0.55 (0.40)
Pros 33238 (21005) 118912 (54112) 62058 (27954) 65810 (43250) 15557 (5557) 69777 (33637)
Syn 11374 (5500) 3160 (1450) 10220 (3950) 2456 (1020) 9028 (4250) 5969 (4200)
Picoeuk 754 (226) 656 (295) 1067 (583) 580 (428) 725 (160) 379 (215)
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corresponding to the front and separating the 2 w ater 
masses (between Stns 50 and 11), and extending up to 
35.8° N (Fig. 3c). The filament location was clearly 
m arked by a drop in tem perature (<24°C), and it origi
nated  from the w ind-induced upwelling of deep waters 
along the southern coast of Sicily and is a recurrent 
feature of this area (Bohm et al. 1998, Béranger et al. 
2004 and references therein).

Below the thermocline, a gradual increase in salinity 
and decrease in tem perature w ere observed, w ith val
ues typical of the IW. This was more noticeable at the 
eastern  stations, and gradually m erged into the Levan
tine Interm ediate W ater (LIW) from 120 m downwards 
(Fig. 3a,b). At the most southerly stations, profiles of 
salinity (not shown) and tem perature (Fig. 3c) dem on
strated the w ater column to be well stratified betw een 
Stns 14 and 19.

Concentrations of nitrate, phosphate and silicate 
ranged from 0.002 to 7.50 pM, 0.052 to 1.86 pM and 
0.69 to 12.07 pM, respectively, and increased with 
depth. H igher concentrations of nutrients w ere found

in higher salinity and colder (deep) waters, as con
firmed by the significant correlation w ith tem perature, 
density and salinity (p <0.001 for all correlations). With 
respect to surrounding stations, significantly higher 
nitrate (Fig. 2d) and silicate (not shown) concentrations 
w ere m easured in the filament and in the front at the 
surface (Table 1).

Chlorophyll concentrations ranged betw een 0.010 
and 0.60 pg chi a F 1, w ith a deep chlorophyll maximum 
(DCM) always present betw een 50 and 80 m depth 
(Fig. 4). The <3 pm (picophytoplankton) size fraction 
dom inated num bers and biomass at all stations, 
accounting for an average of 80% (±10% SD) of total 
chi a. Total chi a concentrations w ere directly corre
lated  w ith all nutrients (p < 0.01) and to hydrological 
param eters (tem perature, salinity and density, p < 
0.01). The larger size fraction (>3 pm) showed a 
stronger direct correlation w ith nutrients and salinity 
(p < 0.001) than smaller phytoplankton (p < 0.01), cor
responding to its relatively higher contribution to the 
DCM in comparison to the surface.
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Phytoplankton pigments
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The relative contribution (%) of different taxonomic 
groups to total chi a biomass was estim ated from 
phytoplankton m arker pigm ents analyzed by HPLC 
and attributed to different taxonomic groups using 
conversion factors (Casotti et al. 2000, 2003). Results 
are presen ted  in Fig. 5. At the surface, zeaxanthin was 
the dom inant biom arker pigm ent, accounting on aver
age for 75% (±7 % SD) of total biomass and indicating 
that cyanobacteria w ere dominant. Percent contribu
tion of zeaxanthin was higher in the AW (75.5 ± 17.0 % 
SD) than in the IW (50.8 ± 18.0 % SD). The 19'butanoyl- 
oxyfucoxanthin (19'BF, m arker of pelagophytes) and 
19'hexanoyloxyfucoxanthin (19'HF, m arker of prym- 
nesiophytes) represen ted  the 2 major eukaryotepig- 
ments in both size fractions, increasingly dom inating 
the lower size class (<3 pm) in an eastw ard direction 
(Fig. 5, surface layer). Peridinin (dinophytes) and allo- 
xanthin (cryptophytes) contributed very little to total 
biomass in either size fractions.

The dvchl a, m arker of Prochlorococcus, was in 
versely correlated with tem perature (p < 0.001) as a 
conseguence of its higher abundance in colder and/or 
deeper waters. All pigm ent/chl a ratios in the <3 pm 
size fraction w ere directly correlated with salinity (p < 
0.05), with the exceptions of prasinoxanthin (marker of 
some prasinophytes; Zingone et al. 2002) and zea
xanthin (marker of prokaryotes and also of photo
protection in green algae), which w ere inversely corre
lated with salinity (p < 0.001). This indicated their 
association with the surface layer. In the >3 pm size 
fraction, only the 19'HF/chl a ratio was significantly 
(and negatively) correlated with salinity (p < 0.01).

At all stations, the contribution of zeaxanthin to total 
chi a in the DCM was lower than at the surface, w here
as the contribution of 19'BF in the <3 pm size fraction 
increased (Fig. 5). Virtually all eukaryotic m arker p ig
ments w ere observed, with 19'BF (pelagophytes) being 
dom inant (Fig. 5). Only peridinin (dinophytes) was 
absent, and alloxanthin (cryptophytes) was presen t in 
traces (0.5%). The >3 pm size class was poorly rep re
sented in the DCM and was dom inated by 19'BF 
(pelagophytes) and 19'HF (prymnesiophytes).

In the smaller size fraction (picophytoplankton), all 
known chemotaxonomic pigm ents w ere present and 
contributed strongly to the picophytoplankton pigm ent 
pool (Table 2), including diatoms and dinophytes, 
which are usually considered to contribute almost ex
clusively to the nano- and m icroplankton (e.g. Vidussi 
et al. 2001).

The ratio of each pigm ent in the < 3 pm size class and 
the sum of its concentration in the 2 size classes was 
used as an index of size-dependent community compo
sition (Table 2). In general, all pigm ents contributed
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most to the <3 pm size class, w ith different relative 
contributions betw een the surface and the DCM. Two 
exceptions w ere observed: fucoxanthin (diatoms) and 
alloxanthin (Cryptophytes) in surface w aters con
tributed more to the >3 pm fraction (Table 2).

In order to better represent the diversity w ithin the 
phytoplankton community, w e used Pielous' evenness

index (J ' ) calculated from pigm ent da ta  (see 'M aterials 
and methods'), whose value is directly proportional to 
diversity in term s of num ber of taxonomic groups. J' 
w as higher in the DCM than in the surface layer (p < 
0.001, Table 1), reflecting the higher pigm ent diversity 
in this w ater layer w ith respect to the surface, w here 
prokaryotes largely dom inated. Significant differences

AW FF IW

(Fuco, 19’HF, Per, Allo, Chlb)>3
19’BF>3 V io ’rf „

(Fuco, 19’HF, Per, Allo, Chlb)>3

Allo<3 19’HF<3

Fig. 5. Percent contribution of different chemotaxonomic pigm ents to total chi a in  the surface layer (0-50 m) and DCM (50-80 m) 
of the AW, FF and IW. <3: <3 pm  size fraction, >3: >3 pm  size fraction; Allo: alloxanthin; chi b: chlorophyll b + divinyl-chlorophyll 
b; Fuco: fucoxanthin; 19'BF: 19'butanoyloxyfucoxanthin; 19'HF: 19'hexanoyloxyfucoxanthin; Per: peridinin; Zeax: zeaxanthin
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Table 2. Ratios of each pigm ent in  the <3 pm  size fraction to 
sum of its concentration in  the 2 size fractions [A<3|_Y<3 + 
X ^ )-1, w here X<3 and X>3 are pigm ent concentrations (pg I-1) 
in <3 and >3 pm  size fractions, respectively]. Data are m eans 
(SD). p: significance level of comparison betw een  the surface 
and DCM (Student t-test); ns: not significant; Per: peridinin 
(dinophytes); 19'BF: 19'butanoyloxyfucoxanthin (pelago
phytes); Fuco: fucoxanthin; 19'HF: 19'hexanoyloxyfucoxan- 
thin (prymnesiophytes) ; All ox: alloxanthin (cryptophytes); 
Zeax: zeaxanthin (prokaryotes); chi b: chlorophyll b (green 
algae); chi c3: chlorophyll c3 (prymnesiophytes); Pras: prasino- 

xanthin (some prasinophytes)

betw een 0.03 and 0.40 (0.22 ± 0.11 SD, Table 1), 
reflecting the dom inance of algal groups utilizing 
regenerated  forms of nitrogen to fuel their primary 
production. Average total values w ere similar for the 2 
size classes (0.21 and 0.25 for <3 and >3 pm, respec
tively), owing to only a minor contribution from d ia 
toms and dinophytes. Fp was significantly (p < 0.001) 
correlated to hydrological param eters, nutrient and 
chi a concentrations, in agreem ent with its higher val
ues in colder and richer waters. Although values of Fp 
in the different DCMs w ere very similar, significantly 
higher values (p < 0.01) w ere observed in the front- 
filament (FF) area at the surface, mainly owing to the 
g reater presence of diatoms in this w ater mass (fuco
xanthin was 3 times more concentrated in this area 
than  in the AW, and 10 times more than in the IW) and 
to higher nutrient concentrations.

All w ater masses DCM Surface P

Per 0.73 (0.26) 0.78 (0.26) 0.66 (0.31) 0.003
19'BF 0.70 (0.21) 0.74 (0.16) 0.63 (0.16) 0.002
Fuco 0.57 (0.40) 0.75 (0.29) 0.32 (0.41) 0.001
19'HF 0.57 (0.26) 0.67 (0.23) 0.51 (0.20) 0.02
Allox 0.54 (0.48) 0.63 (0.45) 0.27 (0.44) 0.002
Zeax 0.93 (0.23) 0.95 (0.16) 0.93 (0.16) ns
Chi b 0.80 (0.25) 0.90 (0.11) 0.71 (0.28) 0.001
Chi c3 0.66 (0.30) 0.68 (0.26) 0.66 (0.31) ns
Pras 0.97 (0.14) 0.97 (0.19) 0.99 (0.01) ns Photoprotection markers

in J ' w ere m easured betw een  the surface layers of the 
different w ater masses, w ith higher values in the IW 
(Table 1). No significant differences w ere observed 
betw een the different DCMs. J' was significantly cor
related  to tem perature and chi a (p < 0.001, Fig. 6), 
except for tem perature at 5 m depth  in the IW (A, 
Fig. 6a). J ' was also significantly higher for the larger 
size fraction (0.58 ±0 .11  SD) w hen com pared to the 
<3 pm fraction (0.48 ± 0.21 SD), and values had  a 
smaller range (0.30 to 0.77 vs. 0.13 to 0.77).

Fp values, representing  the proportion of phyto
plankton responsible for new  production, ranged
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0 .4 -
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J ’ = exp(-0.117 x T) ' 
(n = 50, r2 = 0.67)
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Fig. 6 . Correlations betw een  Pielou's evenness index J' and (a) tem perature 
(T; °C) and (b) chi a (pg T 1). A: data from 5 m depth  in  IW, w hich w ere 
not considered for the correlation (see text). Lines represen t non-linear fit 

described by inset equations

Estimation of the degree of photoprotection of the 
phytoplankton community at the time of sampling 
reflects the light history of the algae, and provides an 
indication of their movem ent through the w ater col
umn. Dt and Dd contributed more to total biomass in 
term s of chi a at the surface than  at depth, due to 
their role as photoprotectant pigm ents (Fig. 7a-c). 
W hen considering the ratio Dt/(Dt + Dd) (which is 
independent of the total biomass present), it was 
noted that, despite a general decreasing trend  with 
depth  (Fig. 7d-f), values stayed constant in the first 
50 m of the AW (Fig. 7d), indicating elevated mixing 
rates in this w ater mass. This was further reinforced 
by the hom ogeneous distribution of chi a (Fig. 4a).

Values also increased below 50 m at all 
stations, probably as a consequence of 
physiological stress (e.g. Brunet et al.

. 1992) or prolonged darkness (Jakob et
al. 2001).

W hen considering photoprotection at 
the community level, the high degree of 
photoprotection at the surface was con
firmed by the high values of ratios 
NPC/PC (Table 1) and NPC/chl a (data 
not shown). Both ratios w ere directly 
correlated w ith tem perature (p < 0.001), 
and NPC/PC w as also significantly cor
related  w ith salinity, total biomass and 
Fp (Table 3). Correlations betw een pho- 
toprotective indicators and physical or 
biological param eters provided num eri
cal equations (Table 3), w hich could be 
useful for bio-optical characterization of 
the area.

0.3 0.4
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Picophytoplankton: diversity and pigment content

As detected  by flow cytometry, picophytoplankton 
was numerically dom inated by Prochlorococcus, with 
average concentrations of 5.2 x IO4 cells ml4  (±5.1 x 
IO4 cells m b 1 SD). Synechococcus accounted for 5.8 x 
IO3 cells m b 1 (±5.8 x IO3 cells ml4  SD), w hereas pico
eukaryotes accounted for 0.6 x IO3 cells m b 1 (±0.4 x 
IO3 cells m b 1 SD). Prochlorococcus was more concen
trated  in the DCM of the AW, w hereas Synechococcus 
was more concentrated at the surface and in the IW 
slightly above the DCM (Fig. 8). In general, pico
eukaryotes w ere more abundant at the surface than in 
the DCM, w hereas Prochlorococcus was very abun
dant at the surface in the AW and in the FF (Table 1). 
Prochlorococcus had higher red  autofluorescence and 
dvchl a ce lh1 in the FF (Fig. 9e) in comparison with sur
rounding stations sam pled at the same time of day. 
This supports the notion of the generation of the fila
m ent from deep (and darker) w aters as a result of 
coastal upwelling and wind advection.

All picophytoplankton showed an increase in cellu
lar red  fluorescence w ith depth  (Fig. 9a-c), w hich is 
related  to strong photoacclimation (particularly evi
dent in Prochlorococcus and picoeukaryotes). Photo
acclimation was also apparent from the increase in 
estim ated chi a (fg celh1) w ith depth  at all stations 
(Fig. 9d-f).

Prochlorococcus had  an average dvchl a content of 
0.44 fg ce lh1 (±0.62 SD) above 50 m depth, and 1.56 fg 
ce lh1 (± 0.54 SD) below 50 m, the 2 values being signif
icantly different (p < 0.01). This was probably due to 
phoadaptation rather than to photoacclimation, as evi
denced by the presence of 2 ecotypes of Prochloro
coccus in the w ater colum n—one replacing the other

Table 3. Equations representing  non-linear correlations 
betw een  hydrological, biological and physiological param e
ters. For each correlation, n  = 60. T: tem perature; Fp: ratio 
betw een  fucoxanthin and peridinin and the sum of all chemo- 
taxonomic biom arker pigments; NPC: non-photosynthetic 

carotenoids; PC: photosynthetic carotenoids; S: salinity

Param eters Eq. r2

Chi a vs. T ln(chl a) = 
-3.41 x InT ± 7.004

0.61

T vs. Fp T  =
-4 .14 xln(Fp) ±11.62

0.45

Fp vs. chi a ln(Fp) =
0.51 x ln(chl a) -  0.514

0.54

Fp vs.
NPC/PC ratio

NPC/PC ratio = 
-2.188 xln(Fp) -  1.68

0.57

NPC/PC ratio 
vs. S

ln(NPC/PC ratio) = 
-2.48S + 93.95

0.60

NPC/PC ratio vs. 
chi a

NPC/PC ratio = 
0.127 x (chi a)-0488

0.33
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Dd/chla 
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dotted line) and picoeukaryotes (cells m b 1, dashed line) in  (a) AW, (b) FF and (c) IW

betw een 50 and 80 m depth, as revealed by bimodal 
distributions of red  fluorescence (not shown). Interest
ingly, Prochlorococcus in the filament followed the 
same relationship as the deep Prochlorococcus, and 
was much more fluorescent than at nearby stations 
sam pled at the same time of day, therefore confirming 
the origin of the filament from upwelling of deep 
w aters (Fig. 9e).

M ean chi a (fg ce lh 1) of picoeukaryotes was highly 
variable am ong the different w ater masses (Fig. 9d-f), 
w ith significantly higher (p < 0.005) values in the DCM 
layers than at the surface, as a result of photoacclim a
tion to decreased light irradiances. Differences w ere 
also found am ong the DCMs, with significantly higher 
values in the IW and in the FF w ater mass in com pari
son to the AW (p < 0.005); in contrast, no differences 
w ere found among the different surface w ater masses 
(p > 0.05).

Two different equations w ere also able to describe 
the relationship betw een chi b concentration and pico
eukaryote cell num bers. The chi b content in pico- 
eukayotes was estim ated to be 21.9 and 47.4 fg ce lh 1 
above and below 70 m, respectively. This reflected the 
m arked photoacclimative processes, w ith twice as 
m uch chi a per cell in the deeper layer w ith respect to 
the surface. It should be noted that values w ere 
obtained after extracting contributions of dvchl b, 
which w ere based upon known values reported by 
Partensky et al. (1993; described in 'M aterials and 
methods'). However, we cannot exclude an additional 
contribution to chi b by Prochlorococcus (Karl et al.
2001), even though chi b was not detected  in the 
M editerranean Sea strain of Prochlorococcus analyzed 
by Partensky et al. (1993).

The equations relating chi a (or dvchl a) red  fluores
cence and cellular chi a (or dvchl a) content of Pro

chlorococcus and picoeukaryotes in the different sys
tems are reported  in Table 4. The high significance of 
these relationships supports the validity of the 
approach used to calculate the pigm ent content of 
picoeukaryote cells, even though it was based on an 
assum ption of the contribution of Synechococcus to 
zeaxanthin (see 'M aterials and methods'). W hen all 
data  w ere pooled together, the decrease in signifi
cance of the correlations reflected the heterogeneity  of 
picophytoplankton responses to ecosystem properties, 
and w as probably also driven by taxonomic seg rega
tion. This prevented the use of a single equation to 
relate the 2 cellular properties, and highlights the 
im portance of mesoscale dynamics w hen considering 
physiological properties of phytoplankton.

Table 4. Linear correlations betw een chi a (or dvchl a) red  
fluorescence from flow cytometry (relative emits) and cellular 
chi a (or dvchl a| content (fg celL1) of picoeukaryotes and 
Prochlorococcus in  3 w ater m asses (AW, FF and IW). Total: all 
data  pooled together. Synecochoccus w as excluded from 
analyses because its chi a content was draw n from published 

values (see 'M aterials and methods')

Picoeukaryotes Prochlorococcus

Total Red = 0.031chl a + 6.43 Red = 0.73dvchl a -  0.23
r2 = 0.30 (n = 78) r2 = 0.55 (n = 74)

AW Red = 0.049chl a + 5.09 Red = 0.79dvchl a -  0.23
r2 = 0.75 (n = 30) r2 = 0.93 (n = 28)

FF Red = 0.081chl a + 5.31 Red = 1.46dvchl a -  0.84
r2 = 0.77 (n = 18) r2 = 0.86 (n = 17)

IW Red = 0.033chl a + 5.08 Red = 0.94dvchl a -  0.38
r2 = 0.81 (n = 30) r2 = 0.98 (n = 29)
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DISCUSSION 

Water mass distribution and properties

The AW and IW w ere identified by their core salinity 
values, which lay w ithin the ranges identified by other 
authors for these w ater bodies in the same area (Ler
m usiaux & Robinson 2001, Béranger et al. 2004).

The distribution of isohalines curved in the IW 
(Fig. 2), indicating a circulating structure, m arked also 
by relatively higher surface nutrient and chi a concen
trations (Table 1). M ean values of photoprotective 
param eters w ithin this structure (such as that of the 
NPC/PC ratio) indicated shade adaptation by surface 
phytoplankton, and all these properties converged to 
suggest a relatively deeper origin of the algal com m u
nity and, therefore, a cyclonic direction of the rotating 
structure. We classified this w ater body as the Ionian 
Shelf Break Vortex, reported by other authors as a 
recurrent feature of the Strait of Sicily in summer,

which originates from the eastw ard flow of the AW 
com bined w ith bottom irregularities and related  up- 
welling along the southern coast of Sicily (Lermusiaux 
& Robinson 2001, Béranger et al. 2004).

The hydrological boundaries of the vortex w ere not 
very strong at the time of sampling, indicating that the 
structure was only at the beginning of its generation, in 
accordance w ith reports from other authors who have 
reported  its presence for the month of August (Lermu
siaux & Robinson 2001, Béranger et al. 2004). How
ever, biological param eters clearly indicated different 
properties of the phytoplankton community w ithin the 
vortex, suggesting its separation from other w ater 
masses. For example, phytoplankton community com 
position varied w ith respect to that of other waters, 
w ith a higher contribution of picoeukaryotes, in partic
ular pelagophytes and prym nesiophytes, which w ere 
also observed to thrive in similar cyclonic eddies e lse
w here (Olaizola et al. 1993, Vaillancourt et al. 2003). 
The decrease in Prochlorococcus inside the vortex



138 A quat Microb Ecol 44: 127-141, 2006

agreed  w ith observations of Vaillancourt et al. (2003) 
for a cyclonic eddy in the subtropical Pacific Ocean, 
and was probably due to relatively higher nitrate con
centrations, which confer a competitive advantage to 
Synechococcus and picoeukaryotes (Moore et al.
2002). The lack of differentation in phytoplankton 
diversity betw een  the surface and DCM in the IW 
(Table 1) might have provided early evidence of the 
vortex, w hich may have helped to m aintain high diver
sity by providing perturbation. This perturbation was 
probably responsible for the lack of a significant re la 
tionship betw een J' and tem perature at 5 m (Fig. 6a), 
because it increased the variability and dispersion of 
the diversity at scales smaller than the mesoscale.

Lowest values of Fp and J ' w ere observed w ithin the 
AW, coincident w ith low nutrient concentrations. This 
supports the hypothesis of Huisman & Weissing (1999, 
and references therein), who stated that the limitation 
of 1 ecological resource (in our case, nutrients) induces 
a decrease in the diversity of the phytoplankton com 
munity. H igher oligotrophic conditions in the AW w ere 
reflected by a lower value of J ' (0.20) in the smaller 
size fraction, owing to greater dom inance by cyano
bacteria, w hereas no significant variation in J ' was 
observed for larger phytoplankton. Similarly, the con
tribution to chi a by picophytoplankton in AW was low
est am ong the different w ater masses. This was sur
prising, as it was expected that nutrient limitation 
would have a stronger impact on larger eukaryotic 
phytoplankton, due to their higher nutrient uptake 
(Fogg 1991). This small contribution may have resulted 
from physiological im pairm ent of picophytoplankton, 
or to the use of regenerated  nutrients by larger algae 
as indicated by the lower value of Fp. However, larger 
algae might have profited more than picoeukaryotes 
from the w ater mixing at the surface (which injects 
new  nutrients from deeper layers) or from increasing 
turbulence, as reflected by the relative hom ogeneity of 
salinity, chi a and Dt/(Dt + Dd) ratio profiles.

The DCM appeared  to be a favourable environm ent 
for phytoplankton, as it contained higher biomass and 
higher diversity. W hen taking the low light levels p re 
sent at depth  (1 % of surface irradiance at 75 m) into 
consideration, algae must be well photoacclim ated and 
their grow th probably closely coupled with grazing, 
which is known to m aintain high species diversity 
(Reynolds 1988). Differences in phytoplankton b e 
tw een the surface and the DCMs w ere mainly appar
ent in the smaller size class, w hich exhibited greater 
diversity at depth. This could be due to the limiting 
conditions present at the surface, in term s of nutrient 
concentration or excess light. However, low light 
intensity did not appear to limit diversification of 
phytoplankton community composition. For example, 
Prochlorococcus, w hich shows a high degree of

genetic plasticity (Bibby et al. 2003), tolerates lower 
light intensities than Synechococcus, which accounts 
for the g reater dom inance of the former w ithin the 
DCM. In the present study, it therefore appears that 
nutrient limitation w as a major factor determ ining 
phytoplankton diversity, w hereas light limitation did 
not affect the num ber of species present or their re la 
tive abundance.

A recurrent pattern  of the DCM in the 3 w ater masses 
was the increase in the Dt/(Dt + Dd) ratio paralleled by 
a decrease in the Dd/chl a ratio in both size classes. This 
could be due to tem perature stress (Brunet et al. 1992) 
or to chloro-respiration owing to the very low light lev
els available to cells, as dem onstrated in culture by 
Jakob et al. (2001). These authors proposed that the 
presence of photoprotectant pigm ents in deep-living 
algae might confer an adaptive advantage in the case of 
rapid transport towards the surface.

Phytoplankton size-related properties and diversity

Within the phytoplankton of the area studied, size 
appeared  to be more im portant than affiliation to taxo
nomic groups. For larger phytoplankton, the lack of 
correlation (p > 0.05) betw een chemotaxonomic pigment 
ratios and nutrient concentrations or hydrological pa ra 
m eters indicated a more disperse distribution among 
the w ater masses and throughout the w ater column.

The lack of correlation betw een one pigm ent ratio in 
one size class and the same ratio in the other size class 
indicates a discrimination of ecological niches for algae 
belonging to the same taxonomic group, as also sug
gested  by higher values of J ' for the larger phytoplank
ton. This reflects a greater hom ogeneity in community 
composition w ith respect to smaller phytoplankton, 
w hose diversity is, in turn, more dependent upon envi
ronm ental factors. These data, together w ith the lack 
of correlation betw een J ' of the larger algae and any 
hydrological param eter or chi a>3, dem onstrated that 
the phytoplankton belonging to the 2 size classes w ere 
distinct and responded to different environm ental 
cues. The larger phytoplankton appeared  to be ub i
quitous and, in contrast to the smaller sized phyto
plankton, its use as a tracer of w ater m asses was not 
possible. The lower concentration and fitness to the 
environm ent of the larger size class suggests a more 
'passive' distribution and probably lower productivity 
rates than that of the more ecologically n iche-depen
dent smaller algae.

For Prochlorococcus, the dvchl a cellular content was 
significantly different betw een  the surface and the 
deeper layer (0.45 and 1.56 fg cell-1, respectively), 
which, together w ith observations of the 2 ecotypes 
shifting with depth, indicates photoadaptation by
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Prochlorococcus as a genus. The characteristics of 
the highly pigm ented ecotype (low-light adapted) 
appeared  to be conservative over time: it w as present 
at the surface in the filament, whose source was 
upw elled waters. Our values of dvchl a per Prochloro
coccus cell lie w ithin the range of values observed by 
Veldhuis & Kraay (1990) in the subtropical North 
Atlantic (between 0.44 and 5.14 fg ce lh1) and by Morel 
et al. (1993; 0.88 to 1.76 fg ce lh1 in culture and 0.15 to 
1.80 fg ce lh1 in the tropical Atlantic). However, the 
lowest value of dvchl a (from the surface layer) was 
lower than that m easured by Partensky et al. (1993) for 
the MED strain in culture (1.21 fg ce lh1), probably due 
to differences in light intensities used in their study. 
Our estim ation was draw n from a light environm ent 
ranging betw een 1000 and 60 pmol photons n r 2 s_1, 
w hereas Partensky et al. (1993) used cells adapted  to 
133 pmol photons n r 2 s_1, w hich corresponds to an 
average depth  of 35 m in this study. By fitting the data 
of dvchl a (fg ce lh1) w ith relative light values from 
Partensky et al. (1993), and by using average light p ro
files obtained during this study, the light values and 
thus depths that corresponded to our cellular dvchl a 
contents could be estim ated. Estim ated values w ere 18 
and 50 m depth  for the surface and deeper layer, 
respectively. These figures are representative of the 
average depth  of the surface mixed layer and DCM, 
respectively, and represent an indirect validation of 
the use of pigm ent cell content of phytoplankton as a 
m arker of their light history. It also indirectly supports 
the m ethod used to infer pigm ent cell content based on 
known values, despite the bias introduced by the use 
of pigm ent ratios derived from culture studies and the 
potential influence of genotypic variability.

Estimations of chi a content per picoeukaryote cell 
w ere highly variable, dependent upon the w ater mass 
and depth  exam ined, and reflected the high taxo
nomic, ecological and physiological diversity and plas
ticity highlighted in previous studies (e.g. M oon-van 
der Staay et al. 2000, 2001, Timmermans et al. 2005). In 
this study, picoeukaryote chi a content varied 3- to 8- 
fold betw een the upper and deeper layer. This was 
most probably due to a change in the picoeukaryote 
community composition, as reflected by a change in 
pigm ent diversity, which was higher in the DCM than 
in the upper layer. The different values observed in the 
IW and AW w ere probably due to the different hydro
dynamics of the 2 w ater masses, w ith the IW character
ized by vertical upw ard movements related  to the 
onset of the vortex. The increased biomass and lower 
dvchl a contribution to picophytoplankton biomass in 
the IW indicated a trend  towards an increase in cell 
size of phytoplankton, as reflected by the higher value 
of picoeukaryote chi a per cell in the DCM of IW with 
respect to the DCM of AW.

The pigm ent composition of the picoplankton was 
relatively unchanged in different w ater masses; thus, 
our values may be considered representative of sum 
m er conditions in the oligotrophic M editerranean Sea 
in general. Changes in diversity w ere depth  related, 
w ith light and nutrient availability probably being 
the most im portant factors. Picophytoplankton dem 
onstrated g reater ability for photoacclimation than 
nano- and m icrophytoplankton. This ability was also 
observed in culture (C. Brunet & C. Dimier unpubl. 
data).

Prymnesiophytes (identified by 19'HF and chi c3) 
showed increased vertical variability in both size 
classes, in agreem ent w ith the previously observed 
high level of diversity of this group (Moon-van der 
Staay et al. 2000, Zapata et al. 2004). The ratio of the 2 
m arker pigm ents (19'HF and chi c3) was higher in the 
surface layer than at depth  for both size classes. The 
ratio 19'HF/chl a was also different (higher at the 
surface), but the chi c3/chl a ratio reached maximum 
values deeper in the w ater column. This suggests 
photoadaptation by these algae, probably driven by 
chromatic adaptation to the changing light environ
m ent due to internal adjustm ent of the pigm ent pool or 
by species substitution. In actual fact, the chi c3 absorp
tion maximum is shifted towards the blue part of the 
spectrum  w hen com pared to 19'HF (Bidigare & M arra 
1990, Bidigare et al. 1990), and therefore the ratio of 
19'HF/chlc3 can be used as an indicator of adaption to 
the dim light present at depth, which is dom inated by 
blue light.

A similar interpretation of the greater abundance of 
g reen  algae in the deeper layer (Bidigare & M arra 
1990) was proposed by Glover et al. (1986), based on 
their photoacclimation strategy in relation to the spec
tral characteristics of chi b. In the present study, chi b 
was one of the most abundant picoeukaryotic p ig 
m ents (along w ith 19'BF), being more abundant at 
dep th  and representing a g reater contribution to the 
picoplankton community (together w ith zeaxanthin) 
than  to the larger size class. The different slopes of the 
relationship betw een picoeukaryote cell num ber and 
chi b concentration below and above 70 m suggest a 
shift in cellular chi b content, and reveals a vertical 
succession of cellular chi b content per picoeukaryote 
cell, w ith deeper cells showing at least double the con
centration of chi b. This confirms previous observations 
on the preference of these algae for deep blue w aters 
(e.g. Bidigare & M arra 1990, Casotti et al. 2000), w here 
chi b is particularly suited to utilize the dim light avail
able. However, w e cannot assess w hether our results 
w ere due to physiological adaptation and/or to species 
substitution. The latter seems possible, since analysis 
of pigm ent ratios revealed a niche differentiation for 
Prasinophytes (1 com ponent of the chi b-containing
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algae). In fact, the 2 ratios—prasinoxanthin/chl b and 
prasinoxanthin/sum  of all picoeukaryotic biom arker 
pigm ents—w ere significantly higher in the surface 
layer (<70 m) than  in the deeper layer (>70 m depth, 
p < 0.01). This suggests that prasinoxanthin-containing 
prasinophytes w ere mainly present above 70 m depth 
and that vertical succession occurs w ithin this algal 
group.

The data  presen ted  show that environm ental factors 
drive the physiological responses of phytoplankton, 
which in turn  drive changes in diversity. The approach 
used to obtain cellular pigm ent content in picoeukary
otes provides a quantitative tool to refine our vision of 
picophytoplankton diversity and functioning, in terms 
of both photoacclimation and photoadaptation, in an 
im portant area of the M editerranean.
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