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ABSTRACT: Phytoplankton pigm ent diversity and photoacclimation during the natural day -n igh t 
cycle was investigated at a fixed location in the Strait of Sicily in July 1997 using HPLC pigm ent 
analysis on fractionated samples (<3 and >3 pm) and flow cytometry. Picophytoplankton dom inated 
phytoplankton biomass in term s of chi a w ith an average value of 57 % and was mainly represented 
by prokaryotes, prym nesiophytes and pelagophytes. Prochlorococcus and picoeukaryotes con­
tributed equally to the picophytoplankton in term s of chi a, but Prochlorococcus w ere numerically 
m ore abundant and w ere represen ted  by 2 ecotypes, one replacing the other according to depth. 
Larger phytoplankton w ere dom inated by prym nesiophytes and diatoms. Photoacclimation was evi­
dent from changes in pigm ent content and strongly increased w ith depth. The deep chlorophyll m ax­
imum (DCM), present betw een  75 and 90 m, showed a diverse and rich phytoplankton community 
w ith the 2 size classes almost equally represented. Growth rates of Prochlorococcus and Synechococ­
cus, estim ated from cell cycle m easurem ents, w ere 0.67 and 0.41 d_1, respectively, at 75 m. Only 
Prochlorococcus was able to sustain a good grow th rate of 0.43 d_1 at the base of the DCM (90 m) 
w here only 0.5% of incident light was available. Light-shift experim ents using onboard incubated 
natural seaw ater showed much faster kinetic coefficients for acclimation in picophytoplankton than 
in larger algae. In general, the data  describe the dynamics of picophytoplankton and its light adap ta ­
tion through the w ater column and in the DCM, and can be considered representative of stable sum ­
mer conditions in the M editerranean Sea.
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INTRODUCTION

Phytoplankton responses to light variability on a diel 
scale are very relevant for their dynamics as they allow 
the cells to acclimate to the surrounding system and to 
optimize their perform ance. Indeed, phytoplankton is 
highly synchronized to the lig h t-d a rk  cycle (Vaulot et 
al. 1995) and the timing of division is different in differ­
ent species and groups, and even strains (Vaulot & 
M arie 1999). This variability is also responsible for 
observed variations in optical properties of seaw ater 
(DuRand et al. 2002) and is, therefore, a critical factor 
to consider w hen estim ating prim ary production from

changes in optical properties such as beam  attenuation 
(Siegel et al. 1989).

Picophytoplankton is an essential com ponent of all 
m arine ecosystems in term s of biomass, diversity and 
production (Veldhuis et al. 2005). It is responsible for 
a significant fraction of marine prim ary production 
(Li 1995) and shows elevated photophysiological p las­
ticity w hen com pared w ith larger phytoplankton 
(Partensky et al. 1993, Timmermans et al. 2005). Com ­
pared  with the prokaryotes, picoeukaryotes have 
received less attention despite their significant contri­
bution to carbon fixation (Li 1995, W orden et al. 2004) 
mainly because of the technical limitations to their
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identification. Recently developed molecular tools are 
continuously increasing the assessm ent of picoeukary- 
ote diversity in term s of species and groups (Moreira & 
Lopez-Garcia 2002). However, very few studies report 
the in situ ecophysiological properties of picophyto­
plankton in general (e.g. Neveux et al. 2003, Veldhuis 
& Kraay 2004) and even fewer focus on the pico­
eukaryotes (Veldhuis et al. 2005).

We present da ta  on pigm ent diversity and photoac- 
climation of picophytoplankton on a diel time scale, 
investigated at a fixed station in the Strait of Sicily, 
during a 51 h sampling period in summer. The aim of 
the study was to investigate and com pare the effects of 
vertical and diel variability upon phytoplankton eco­
physiological properties, focusing on picophytoplank­
ton (especially picoeukaryotes) responses to variable 
irradiance. The responses to light variations w ere 
analysed by considering both variations w ith depth 
and w ith time during 2 natural day -n igh t cycles in 
term s of community composition and photophysiology.

The study site, the Strait of Sicily, is an im portant 
location in the M editerranean Sea, as it governs the 
exchanges betw een  the eastern  and w estern basins 
and is characterized by active mesoscale dynamics 
(Lermusiaux & Robinson 2001), which strongly influ­
ence the ecology of phytoplankton communities.

MATERIALS AND METHODS

Sampling. The 150 m deep sample site (36° 25.00' N, 
15° 20.03' E) was located in a stable area of the Ionian 
W ater away from mesoscale instabilities, which char­
acterize the area. Hydrological conditions rem ained 
constant for the entire sampling period and w ere rep ­
resentative of the oligotrophic M editerranean Sea in 
summer. The station was sam pled during a 51 h period 
from 29 to 31 July 1997. Hydrological profiles of salin­
ity, tem perature, density, transm ittance and fluores­
cence w ere obtained every 1.5 h using a CTD probe 
(SBE 19, Seabird Electronics) coupled with a Sea-Tech 
fluorometer. U nderw ater light profiles (PAR) w ere 
obtained from a spectroradiom eter SPMR (Satlantic).

Discrete samples from each of 6 depths (5, 20, 30, 50, 
75 and 90 m) w ere taken  using a rosette sampler 
equipped w ith 24 Niskin bottles every 3 h for nutrient 
and pigm ent concentrations and flow cytometric 
analysis of picophytoplankton.

Dissolved inorganic nutrients. Nitrate, nitrite, sili­
cate and phosphate concentrations w ere determ ined 
on fresh samples at the site on board the ship using the 
colorimetric procedure of Grasshof (1983) and a Tech- 
nicon system.

Flow cytometry. Fresh un treated  samples w ere 
analysed 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 sheath 
fluid. Fluorescent beads w ith a diam eter of 0.97 pm 
(Polysciences) w ere added to each sample as internal 
standards, and all param eters w ere norm alized to their 
values and expressed as relative units (r.u.). The red 
fluorescence from chlorophyll (chi) a and the orange 
fluorescence from phycoerythrin w ere collected 
through a 650 long pass filter and a 585/42 band  pass 
filter, respectively. Two scattering param eters w ere 
also m easured: FALS (Forward Angle Light Scatter), 
w hich is used as a proxy of size, and RALS (Right 
Angle Light Scatter), w hich is particularly sensitive to 
both size and particle refractive index. Data acquisi­
tion and analysis w ere perform ed w ith the CellQuest 
software (Becton Dickinson). Further details can be 
found in Casotti et al. (2000).

Three populations of picophytoplankton w ere identi­
fied and enum erated based  upon their scattering and 
autofluorescence: Prochlorococcus spp., Synechococ­
cus spp. and picoeukaryotes. In the case of Prochloro­
coccus populations w ith very low red fluorescence at 
the surface, the population was assum ed to have a nor­
mal distribution and the hidden portion was ex tra­
polated, as indicated by Casotti et al. (2003).

Tests to com pare the counts in the total samples with 
counts in the <3 pm fractionated samples used for 
HPLC analyses showed that all picoeukaryotes passed 
through the 3 pm filter and that very few (<0.1 %) and 
only occasionally larger cells (nanophytoplankton) 
w ere detected  in the filtered samples.

Fixed (0.5% glutaraldehyde, Vaulot et al. 1989) and 
frozen (liquid nitrogen) samples w ere analysed after 
thaw ing and staining the DNA w ith SYBR G reen I, 
according to the protocol of M arie et al. (1997). The 
proportion of cells in the different phases of the cell 
cycle was estim ated using the ModFit software (Verity) 
and from these, grow th rates w ere determ ined using 
the m ethod of C arpenter & Chang (1988).

HPLC. For each sample, 3 1 of seaw ater w ere filtered 
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 m echanically 
ground in 100 % m ethanol and the extract injected into 
a Beckman System Gold HPLC following the proce­
dure of Vidussi et al. (1996) using a 3 pm C8 BDS col­
um n (100 X 4.6 mm). The mobile phase was composed 
of 2 solvents: (1) a 70/30 mixture of m ethanol/aqueous 
ammonium acetate, and (2) methanol. Absorbance was 
detected  at 440 nm using a M odel 168 Beckman photo­
diode array detector. Fluorescence was m easured 
using an Sfm 25 Kontron spectrofluorom eter w ith exci­
tation at 407 nm and emission at 660 nm. Monospecific 
algal cultures and purified pigm ents from the Water
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Quality Institute, International Agency for 14C D eter­
mination (Denmark) w ere used as standards. The 
chemotaxonomic descriptors w ere alloxanthin (crypto- 
phytes), chlorophyll b (chi b ) + divinyl chlorophyll b 
(DVchl b ) (green algae, including prasinophytes), 19' 
butanoyloxyfucoxanthin (pelagophytes), fucoxanthin 
(diatoms), 19' hexanoyloxyfucoxanthin (prymnesio­
phytes), peridinin (dinophytes) for both size classes, 
and zeaxanthin (prokaryotes) for the < 3 pm size class.

To investigate picoeukaryote photoacclimation, 
intracellular chi a concentrations of these algae w ere 
estim ated by dividing the fraction of the <3 pm chi a 
a ttributable to picoeukaryotes by their cell num bers 
obtained by flow cytometry (Brunet et al. 2006) follow­
ing a 2-step procedure. Employing zeaxanthin as a 
m arker pigm ent of prokaryotes, w e used the m ean 
value of 0.77 for the ratio zeaxanthin/divinyl chi a 
(DVchl a), as reported  by Partensky et al. (1993) in a 
culture study of photoacclimation in a M editerranean 
strain of Prochlorococcus. In addition, we calculated 
the zeaxanthin contribution of Synechococcus by using 
a value of 1.8 fg zeaxanthin per Synechococcus cell, 
following Kana et al. (1988) who investigated photo­
physiology of Synechococcus under a w ide range of 
light intensities. This allowed us to account for the 
zeaxanthin attributable to the 2 cyanobacteria. The 
second step used a conversion factor of 0.5 for zeaxan- 
thin/chl a, w hich 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, which 
may vary w ith light conditions. However, the zeaxan- 
thin/chl a ratio is not reported  to vary considerably 
w ith changing light conditions (Kana et al. 1988, 
Moore et al. 1995). The limitations of the m ethod are 
discussed in Brunet et al. (2006) and, despite the obvi­
ous bias introduced by extrapolating from single 
strains in culture to the properties of complex natural 
communities, the m ethod is considered the best 
approxim ation possible and was very useful in estim at­
ing photoacclimation in picoeukaryotes. In fact, values 
w ere draw n from studies encom passing a w ide range 
of light conditions and for Prochlorococcus, originated 
from a strain isolated in the oligotrophic M editer­
ranean  Sea, w hich can be considered representative of 
the populations present in the study area.

Since the HPLC m ethod used did not allow the sepa­
ration of chi b from the DVchl b, the chi b content 
attributable to picoeukaryotes was assessed after elim ­
inating the contribution of DVchl b from Prochlorococ­
cus by using the value of 0.20 fg DVchl b per Pro­
chlorococcus cell for low light (deep layer) and 0.10 for 
high light (surface layer) samples, respectively, based 
on values obtained from Partensky et al. (1993).

D iatoxanthin (Dt) and diadinoxanthin (Dd) w ere 
used as indicators of photoprotection as they are 
involved in a photodependent epoxidation-de-epoxi- 
dation cycle in chrom ophyte algae (Brunet et al. 2003). 
The ratio of the single pigm ents to chi a (i.e. Dt/chl a or 
Dd/chl a) indicates how much of the pigm ent pool is 
devoted to protect the cells from excess light, while the 
ratio of each one of them  to the 2 pooled together is 
independent of chi a concentrations and is, therefore, 
an indicator of the activation of the photoprotection 
process.

From the in situ  values of fluorescence w e calculated 
the FRE (Fluorescence Relative Error, Estrada et al. 
1996, Brunet & Lizon 2003). This param eter represents 
the relative deviation of the observed in vivo fluores­
cence from the value m easured during the night w hen 
w e assume that fluorescence is at its maximum, and 
w as calculated as follows:

FRE — (Fluomes -  Fluoestim)/Fluomes (1)

w here Fluomes is the m easured fluorescence and 
Fluoestim is the estim ated fluorescence, which is calcu­
lated  from a linear regression betw een in vivo fluores­
cence and chi a concentrations (from HPLC and from 
all samples except those taken  at 5 m) both m easured 
at night (r2 = 0.80, n = 25). The FRE gives an indication 
of the photophysiological state of the cells (Estrada et 
al. 1996), w ith negative values indicating fluorescence 
quenching due to high light.

Onboard incubations. The kinetic coefficients of 
phytoplankton photosensitive param eters in the deep 
chlorophyll maximum (DCM) w ere estim ated by m ani­
pulating the natural communities incubated on board 
the ship. These w ere exposed to a shift (up or down) of 
light intensity in order to simulate an upwelling event 
from an average DCM to an average surface layer or 
a downwelling towards deeper waters. In addition, 
grow th rates at 2 depths w ithin the DCM w ere esti­
m ated using the cell cycle m ethod to com pare the fit­
ness of Prochloroccus and Synechococcus relative to 
light availability. Seaw ater (40 1) was taken  at night 
(23:00 h local time) from the DCM at 75 m depth  (1 % of 
the incident light at noon of the previous day) and 
incubated on deck in two 20 1 polycarbonate containers 
under a constant tem perature of 15°C. The 2 contain­
ers w ere screened with blue plus neutral density filters 
(Lee Filters) to obtain either 10% or 0.1% of incident 
light. Light intensity w as m onitored using a 47t QSL 
irradiance sensor (Biospherical Instruments). Samples 
for HPLC pigm ent analysis and flow cytometry w ere 
taken  every 2 h for a 24 h period starting at dawn. Vari­
ations in cell autofluorescence and concentrations of 
photoprotective xanthophylls norm alized by chi a 
w ere used to calculate photoacclimation kinetic coeffi­
cients over the natural light cycle. The kinetic coeffi­
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cient K  ( I t1) w as estim ated only for the increasing 
light period (the first 6 h) according to the first-order 
equation:

X  = (X0 -  Xoo)exp(-Xt) + X -  (2)

w here X  is the photodependent param eter, X0 is its 
initial value and X°° its final value, t is time (h) and K  is 
the first-order kinetic coefficient (h_1) (e.g. Brunet et al. 
2003).

RESULTS 

Hydrology, biomass, phytoplankton pigment 
composition and diversity

The tem perature profiles show therm al stratification 
in the first 20 m, while salinity decreased sharply 
betw een 10 and 20 m (38.2 to 37.85 psu, Fig. la ; 25 to

19°C, Fig. lb) due to an intrusion of Adriatic Surface 
Water. The vertical structure of the w ater column 
rem ained essentially constant during the sampling 
period, as indicated by the low SD values in the CTD 
profiles (Fig. la,b), w ith no evidence of diel periodicity. 
Nutrient concentrations w ere very low at the surface 
(0.5 and 0.05 pM for nitrate and phosphate) and g rad ­
ually increased below 30 m to reach 3.10 and 0.35 pM, 
respectively, at 90 m (Fig. le). Light intensity in the 
DCM ranged from 0.5 to 2 % of surface incident irradi­
ance (E0).

The chi a fluorescence showed a Deep Fluorescence 
M aximum (DFM) betw een 70 and 100 m, w ith a peak 
occurring at 85 m (Fig. 2a) that corresponded to a DCM 
with highest values of 0.40 pg F 1 of chi a. Chi a and 
DVchl a showed a relatively hom ogeneous distribution 
in the first 50 m, despite the vertical hydrological vari­
ability, and a sharp increase below 50 m (Figs. 2b & 3). 
DVchl a (marker of Prochlorococcus) accounted for 0 to
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25 % of picophytoplankton chi a, w ith lower and higher 
values present in the surface layer and in the DCM, 
respectively (Fig. 3c). Picophytoplankton (<3 pm) 
accounted for 57 % of total chi a on average, ranging 
from 40 to 90% (69% in the DCM), and w ithin this, 
prokaryotes (zeaxanthin) dom inated down to 50 m 
(26% of total chi a), but w ere gradually replaced by 
picoeukaryotes below 50 m (Table 1). All chemotaxo- 
nomic pigm ents in the picophytoplankton showed sig­
nificant differences betw een the surface and the 
deeper layer (Table 1), indicating a segregation of spe­
cies and adaptation. Fucoxanthin (diatoms) w as the 
most representative pigm ent in the larger fraction, 
contributing significantly to total chi a both at the sur­
face and in the DCM (Table 1). Hexanoyloxyfucoxan- 
thin and chlc3 (prymnesiophytes) w ere more abundant 
in the DCM.

Prochlorococcus cell num bers w ere constant in the 
first 20 m, but m arkedly increased w ith depth, w ith a 
peak  at 50 m of 12.5 x IO4 cell m b 1 (SD = 3.4 x IO4). 
Synechococcus cell num bers showed a limited in ­
crease w ith depth, with a relative peak of 1.05 x 
IO4 cell m b 1 (SD = 0.25 x IO4 cell m b 1) at 50 m (Fig. 4a). 
The ratio betw een the cell concentrations of Prochloro­
coccus and Synechococcus significantly increased with 
depth  and reached its maximum value at 90 m, which 
is on the lower boundary of the DCM (Fig. 4b). DVchl a 
and Prochlorococcus cell num bers w ere positively cor­
related  only w hen data from the surface layer and the 
DCM w ere considered separately (not shown), sug­
gesting different photoadaptation in the 2 layers 
(Brunet et al. 2006).

The vertical distribution of scatter and fluorescence 
of Prochlorococcus showed a bimodal distribution in a 
layer betw een 50 to 90 m, indicating the co-existence 
of 2 ecotypes. Ecotype I, w ith lower red  fluorescence 
and scatter, w as visible from the surface down to 90 m 
deep and Ecotype II, with higher red  fluorescence and

scatter, was present at depths from 50 m downward. 
The 2 types overlapped betw een  50 and 90 m depths.

The DVchl a cellular content of total Prochlorococcus 
(Ecotypes I plus II) ranged betw een 0.25 and 2.20 fg 
DVchl a cell-1, increasing in m ean value exponentially 
w ith depth  (p < 0.01) (Fig. 5a) and also in variance.

To calculate the cellular content of DVchl a for the 2 
ecotypes separately, the m ean ± SD value for the sur­
face layer of 0.55 ± 0.05 fg DVchla ce lb 1 was assum ed 
to be constant through the w ater column (as was 
apparent from the cytograms), and from this a m ean 
value of 2.60 ± 0.91 fg DVchl a celb1 for Ecotype II, 
which is the most fluorescent, was calculated.

T ab le  1. A v erage  v a lu es (SD, n  = 17) of th e  m ost re le v an t p ig ­
m en t ra tios in  th e  2 size fractions (<3 p m  a n d  >3 pm ) in  th e  
su rface  lay er a n d  th e  DCM ; p -v a lu e  is th e  sign ificance  level 
of th e  d ifference  b e tw e e n  th e  su rface  lay er a n d  th e  DCM  
(S tuden t's  t-test). Allo: a lloxan th in  (cryptophytes), But-fuco: 
19' b u tan o y loxyfucoxan th in  (pelagophytes), chi b : ch loro­
p hy ll b + divinyl chlorophyll b (g reen  a lgae, inc lu d in g  
p rasinophy tes), chi c3: chlorophyll c3 (m ainly p ry m n esio ­
phytes), perid : p e rid in in  (d inophytes), zea: z eax an th in
(prokaryotes), DV chl a: divinyl chi a (Prochlorococcus), fuco: 
fu co x an th in  (diatom s), hex: 19' hexanoy loxyfucoxan th in  

(prym nesiophytes)

Surface DCM P

A llo/chl a <3 0.02 (0.02) 0.07 (0.08) 0.001
B ut-fuco/chl a <3 0.35 (0.29) 0.79 (0.52) 0.001
C hi 5 /ch i a <3 0.07 (0.04) 0.17 (0.07) 0.001
C hi c3/ch l a <3 0.13 (0.12) 0.38 (0.28) 0.001
P erid /ch l a <3 0.02 (0.05) 0.22 (0.23) 0.001
Z ea /ch l a <3 0.89 (0.51) 0.43 (0.23) 0.001
D V chl a /ch l a <3 0.09 (0.04) 0.15 (0.03) 0.001
C hi c3/ch l a >3 0.10 (0.10) 0.30 (0.10) 0.001
Fuco /ch l a >3 0.44 (0.74) 0.76 (0.22) 0.020
H ex-fuco /ch l c3<3 10.38 (6.34) 5.99 (4.50) 0.001
H ex-fuco /ch l c3>3 10.53 (7.40) 2.85 (1.35) 0.001
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Average picoeukaryote concentrations w ere 0.6 ± 
0.3 X IO3 cell ml-1 and m ean values of chi a ce lh1 (see 
'M aterials and methods') ranged betw een 10 and 
660 fg chi a cell-1, w ith a significant exponential verti­
cal increase w ith depth  (p < 0.01) (Fig. 5b). Cellular 
chi a content of picoeukaryotes was constant in the 
upper layer (Student's t-test, p > 0.05), while values 
from the other depths w ere significantly different from 
one another (at least p < 0.02) except for values from 50 
and 75 m (p > 0.05). Night and day values w ere not sig­
nificantly different (p > 0.05), even for each single 
depth  analysed separately.

Diel variations

No variation in the pigm ent assem blage during the 
time series was observed at any depth. Most of the diel 
variability appeared  to be driven by cell division, and 
very little by photoacclimation, as evidenced by the 
negative peaks in size (FALS) and red  fluorescence at 
dusk for all 3 picophytoplankton populations (data not 
shown). In the DCM, a significant diel periodicity was 
observed for the orange fluorescence (from phycoery- 
thrin) of Synechococcus and for the red  fluorescence 
(from chlorophyll) of Ecotype II of Prochlorococcus
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T able  2. S inusoidal fits of d iel varia tions of d ifferen t p h o to d ep e n d en t p a ra m e ­
ters  a t d ifferen t dep ths. Dt: D iatoxanth in , (a+ß)Car: a - + ß-caro tene , OrSyn: 
o ran g e  flu o rescen ce  from  p h y co ery th rin  of Synechococcus, RedProII: re d  fluo­
re scen ce  of E cotype II of P rochlorococcus (low lig h t adap ted ); n  = 17. T he s in u ­
soidal re g re ss io n  co rresponds to  th e  follow ing e q u a tio n  Y = b + a • sin(d + c ■ T), 
w h e re  a is th e  am plitude , c is th e  a n g u la r frequency , d  is th e  p h a se  a n d  T  is

tim e (h)

D ep th E quation r 2 Period ­
(m) icity  (h)

20 D t/ch l a <3 = 0.008 + 0.016 s i n (-6.372 + 0.259 T ) 0.94 24
20 D t/ch l a >3 = 0.015 + 0.025 s i n (-0.272 + 0.298 T) 0.96 21
75 (a+ß)C ar/ch i a <3 = 0.146 + 0.151 s i n (-1.155 + 0.292 T) 0.86 22
75 O rSyn = 1 .7 0 0 -0 .9 5 3  sin  (-4 .363 + 0.2888 T) 0.85 22
75 RedProII = 2.035 -  0.654 sin  (-4 .943 + 0.300 T) 0.72 21

(Table 2). The a  and ß carotene (a+ßCar) to chi a ratio 
in the picofraction also showed a similar diel periodic­
ity (Table 2), and this was also positively correlated 
(p < 0.01) to cell concentrations of Prochlorococcus and 
picoeukaryotes. The periodicity varied am ong the dif­
ferent param eters exam ined, ranging from 22 to 24 h, 
and this difference was probably caused by the time 
lag betw een samplings, w hich was probably too coarse 
for the param eters considered. Over the diel cycle, 
picophytoplankton chi a (DVchl a + chi a<3) showed a 
significantly higher variance than the larger size class 
(chi a>3, test of Fisher-Snedecor, p < 0.01) for every dis­
tinct depth.

The percentage of cells in the G2 phase of the cell 
cycle showed a peak  at the end  of the light period in 
Prochlorococcus and at the end  of the night in Syne­
chococcus (data not shown), similar to w hat Vaulot & 
M arie (1999) observed. From cell cycle m easurem ents, 
Prochlorococcus and Synechococcus grow th rates at 
75 m w ere estim ated to be 0.67 d_1 and 0.41 d_1, 
respectively. At 90 m, the lower border of the DCM, 
Prochlorococcus still showed sustained grow th rates of 
0.43 d_1, while the grow th rate of Synechococcus had 
decreased to 0.17 d_1.

chi a, rather than to simply more p ig ­
ments, since Dt/(Dt+Dd) values and 
their decrease w ith depth  w ere similar 
in the 2 size fractions (Fig. 6b,e).

Surprisingly, Dt/chl a and Dt/(Dt+ 
Dd) values increased again at depth 
(Fig. 6a,b,d,e) in both size classes, but 
no oscillations w ith the d ay -n igh t 
cycle w ere observed (contrary to the 
surface, Table 2) and, therefore, their 
involvement in photoprotective reac­
tions could be excluded. High values 
of Dt could instead be due to chloro- 
respiration, as observed by Lavaud et 
al. (2002) on cultures of diatoms ex ­
posed to prolonged darkness. This 

hypothesis is supported by the fact that only Dt 
increased with depth, but not Dd, and that no variation 
of these pigm ents was observed during the d ay -n igh t 
cycle.

The Fluorescence Relative Error, w hich is an indica­
tor of fluorescence quenching (see 'M aterials and 
methods') was negatively correlated to Dt/(Dt+Dd) (p < 
0.01, n = 50) and to the ratio betw een in vivo chi a flu­
orescence and HPLC chi a (p < 0.001). M ean values 
w ere significantly different betw een day and night in 
the surface layer (p < 0.01), w ith negative values m ea­
sured during the day indicating fluorescence quench­
ing caused by high light (Fig. 7a). The m ean value of 
FRE was inversely correlated to the percent of incident 
surface light (E0) at every depth  (p < 0.01) (Fig. 7b). The 
same was true for the ratio betw een in vivo fluores­
cence and chi a concentration (p < 0.01) (Fig. 7c). Val­
ues from 90 m did not follow the linear relationship 
described on Fig. 7b & c, probably due to physiological 
stress caused by the very low light available at this 
depth, as discussed in the next section.

Onboard incubations

Photoprotective responses

As expected, photoprotective pigm ents such as 
diadinoxanthin (Dd), diatoxanthin (Dt) and a  plus ß 
carotenes (a+ßCar) had  significantly higher values in 
the surface layer and during the light period (p < 0.001, 
Student's t-test) than in the deeper layer and at night 
(Fig. 6). Both Dt/chl a and (a+ß)Car/chl a ratios w ere 
significantly higher (and their decrease with depth 
slower) in the larger size class (Fig. 6) (p < 0.01), sug­
gesting a higher need  for photoprotection than in the 
smaller phytoplankton. This difference w as due to a 
higher content of photoprotective pigm ent per unit of

During the shift-up, Dt/(Dt+Dd) showed similar 
kinetic coefficients (K ) in the 2 size classes, while 
Dt/chl a and Dd/chl a ratios increased more quickly in 
the smaller than in the larger size fraction (Table 3). 
During the shift-down, only picophytoplankton 
showed significant coefficients in the same direction as 
for the shift-up, except for Dd/chl a, w hich decreased 
more slowly, but comparably, in the 2 size classes. 
Kinetic coefficients for flow cytometric scatter and auto­
fluorescence of picophytoplankton are also reported  in 
Table 3. During the shift-up, Synechococcus red  and 
orange fluorescence increased at a sustained rate, 
while Prochlorococcus red  fluorescence decreased. 
However, the parallel decrease in DVchl a celL1 was
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T able  3. F irst-o rder k inetic  coefficients (K, IT 1) a n d  r2 (in p a ren th eses) for 
ch an g es in  p ig m en t ra tios a n d  au to flu o rescen ce  (flow cytom etry  on p icop lank- 
to n  < 3 p m  or > 3 p m  in  size) d u rin g  th e  ligh t-sh ift ex p erim en ts on n a tu ra l p h y to ­
p lan k to n  from  th e  DCM  (1 % of in c id en t lig h t [ho])- D a ta  fitted  a re  from  sam ples 
co llected  from  d aw n  u p  to th e  m ax im um  of irrad ian ce  d u rin g  th e  day. HL: h ig h  
lig h t (10%  of E 0); LL: low  ligh t (1 % of E 0); Dt: d iatoxanth in ; Dd: d iad inoxanth in ; 
Syn: Synechococcus; Pro: Prochlorococcus; Euk: p icoeukaryo tes; E ukchl a cell-1: 
th e  con ten t of chi a p e r p ico eu k ary o te  cell (in fg  chi a cells-1), n  = 5.

ns is no t significant

D aw n to HL 
< 3 p m  > 3 pm

D aw n to LL 
<3 p m  >3 pm

Dt/(Dt+Dd) 0.124 (0.99) 0.137 (0.99) 0.059 (0.99) ns
D t/ch l a 0.291 (0.99) 0.095 (0.99) 0.360 (0.80) ns
D d /ch l a 0.147 (0.99) 0.096 (0.99) -0 .3 5 4  (0.92) -0 .2 6 0  (0.99)
Syn R ed 0.299 (0.98) 0.165 (0.92)
Syn O ran g e 0.420 (0.94) 0.120 (0.89)
Pro Red -0 .1 4 0  (0.92) ns
E uk  R ed -0 .1 1 0  (0.99) ns
E ukchl a cell-1 -0 .1 3 3  (0.99) ns

not significant (p > 0.05), suggesting that it was mainly 
due to fluorescence quenching. Red autofluorescence 
of picoeukaryotes and their chi a cell-1 content also 
decreased, w ith com parable kinetic coefficients b e ­
tw een them  and for red  fluorescence of Prochloro­
coccus. During the shift-down only Synechococcus red 
and orange fluorescence showed significant but low 
values of K.

DISCUSSION 

Biomass and diversity

The high pigm ent diversity of picophytoplankton in 
the DCM and its elevated contribution to total chi a 
indicated an elevated degree of adaptation to the 
quantity and quality of light available. This was not 
true for the larger phytoplankton, w hich w ere rep re ­
sented mainly by only diatoms and prym nesiophytes 
(fuco and Hex-fuco). We could not assess if this adap ­
tation w as realized by substitution of species or eco­
types, as in the case of Prochlorococcus, or by physio­
logical acclimation. Probably only recently developed 
molecular tools would have provided a clear answer 
for all groups (Rodriguez et al. 2005). However, prym ­
nesiophytes showed a significantly higher chi c3/Hex- 
fuco ratio (2 chemotaxonomic pigm ents of this group) 
at the surface w hen com pared w ith the DCM in both 
size classes (Table 1). This suggests vertical seg rega­
tion of functional groups, probably related  to light 
(chromatic) adaptation and confirms the pigm ent com ­
plexity and heterogeneity  of this algal class as related 
to ecological adaptation (Moon-van der Staay et al. 
2000, Zapata et al. 2004).

Variability in time in the DCM was 
evident from the oscillations of p ro ­
karyote autofluorescence, with peaks 
during the day attributed to growth 
and division, as confirmed by the cor­
relation with FALS or RALS (proxies of 
size). This was also confirmed by the 
significant correlation of Prochloro­
coccus and picoeukaryote cell concen­
trations w ith (a+ß)Car/chl a<3, the la t­
ter showing a 22 h periodicity with a 
peak  during the light period due to 
light-dependent responses.

Vertical variability w ithin the DCM 
was evident w hen com paring proper­
ties of phytoplankton from the 2 
depths above and below the fluores­
cence maximum, 75 and 90 m. The 
light available at these depths was 
very low, accounting for 2 % of E0 

(maximum of 20 pmol quanta  m-2 s-1) at 75 m and d e ­
creasing to 0.5 % of E0 (maximum of 5 pmol quanta  m-2 
s-1) at 90 m. Total chi a decreased by 20 % in this layer, 
w ith DVchl a decreasing by 8 %, chi a>3 by 23 % and chi 
a<3 by 20 %. Instead, the in vivo fluorescence increased 
by only 0.3 %, indicating that the DCM in term s of algal 
biomass was narrow er than the peak  in fluorescence. 
The discrepancy betw een chi a concentration and fluo­
rescence may be due to the extrem ely low light, which 
increases the fluorescence per unit of chi a (Kiefer & 
Reynolds 1992). The contribution of chlorophyll deg ra­
dation derivatives (phaeophytins or phaeophorbides) to 
total fluorescence could instead be excluded, as no 
change in concentration of these byproducts w as d e ­
tected. Therefore, light appeared  to be the only factor 
explaining this discrepancy. This is also suggested by 
the lack of fit of the data from 90 m with the linear cor­
relation betw een the percent of E0 and FRE or in vivo 
fluorescence/chl a (Fig. 7). The m easured values are 
14 % higher than the expected values (from the correla­
tion). This difference represents the degree of peculiar­
ity in photophysiological characteristics of the phyto­
plankton thriving at such low light, and is confirmed by 
the strong increase (30%) in chi a cell-1 for the p i­
coeukaryotes (Fig. 5). This increase is also due to r e ­
placem ent of species w ith different capacities for chi a 
content along the w ater column. Although it can be sur­
prising to see a difference betw een algae growing at 20 
versus 5 pmol quanta  m-2 s-1, there are reports of pecu ­
liar acclimation m echanisms other than  fluorescence 
quantum  yield taking place at such very low light in ­
tensities (e.g. Quigg & Beardall 2003).

Environm ental conditions at 90 m w ere critical for 
most phytoplankton, as suggested by the loss of peri­
odicity of pigm ent content and autofluorescence, prob-
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ably as a consequence of poor cell physiological state. 
For Synechococcus, mortality through autolysis can 
account for 5 to 25% of total cell num bers, w ith in ­
creasing values occurring w ith depth  (Veldhuis et al. 
2005).

From cell cycle estim ates of the grow th rates of the 2 
cyanophytes, Synechococcus and Prochlorococcus, it 
was evident that while at 75 m both sustain reasonable 
grow th rates, only Prochlorococcus is able to cope with 
the very low light available at 90 m and supports a 
grow th rate of 0.43 d-1, which equals one division 
every 1.6 d. These grow th rates lie w ithin the range of 
values estim ated by other authors in different ecosys­
tems (e.g. Timmermans et al. 2005 and references 
therein) and confirm previous speculations on the dif­
ferential sensitivities of these 2 species to light and 
nutrient limitation, explaining their different niche 
occupation through the w ater column (Chisholm et al. 
1988). These tolerances for low or high light levels 
w ere also confirmed by the incubation experiments, 
w ith Prochlorococcus and Synechococcus reacting dif­
ferently in sign and kinetics to the changes in light 
intensities (Table 3).

In general, the data presen ted  show that the DCM 
does not represent a unique and hom ogeneous eco- 
physiological entity, and call for a better understand­
ing of its biological complexity driven by variability in 
time and (micro) space.

Photoacclimation

Photoprotective indicators, such as Dt/chl a, Dd/chl 
a and (a+ß)Car/chl a, decreased w ith depth  exponen­
tially as expected in a mixed layer w ith low tu rbu ­
lence. Absolute values of these ratios w ere higher in 
the larger phytoplankton than in the picophytoplank­
ton, and these w ere not due to higher pigm ent con­
tent in larger cells since these ratios showed similar 
values in the 2 size fractions below 30 m depth  w here 
no photoprotection was expected to take place. In 
addition, values of Dt/(Dt+Dd) w ere similar, indicat­
ing that larger cells w ere synthesizing more photo­
protective pigm ents per unit of chi a than  smaller 
cells. This strategy, involving both the direct photo­
protective pigm ent (Dt) and its precursors (Dd and ß- 
Car), may be attributed to larger protein-pigm ent 
an tenna complexes that need  to be protected inside 
Photosystem II. This increased need  may also explain 
the slower rate of synthesis observed during the incu­
bation experim ents (Table 3) as com pared w ith the 
smaller phytoplankton.

Picoeukayotes w ere able to rapidly modify their chi a 
content in response to changing light as revealed by 
the decrease of 70% of chi a celP1 during the shift-up

incubation experim ent w ith a rate of 0.13 h-1, parallel 
to the synthesis of Dt (0.14 I r 1, Table 3). This suggests 
a very fast synthesis of photoprotective pigments, 
w hich are also light-regulated. This photophysiologi- 
cal plasticity m akes it a competitive factor w ith respect 
to larger phytoplankton.

Indeed, picophytoplankton showed higher sensitiv­
ity and faster reactivity to the diel changes in light than 
the larger phytoplankton in term s of biomass, as indi­
cated by the higher range of values and significantly 
higher variance of the chi a<3 w ith respect to the chi a>3 
at all depths (p < 0.01, Fisher-Snedecor test). Coeffi­
cients of variation (CV) of chi a<3 ranged betw een 90 % 
(in the surface layer) and 52 % (at depth) w hereas the 
CV of chi a>3 was lower and more hom ogeneous 
through the w ater column (27 % in the surface layer 
and 24% below), w hich probably related  to the faster 
grow th and division rates and also the faster changes 
in intracellular chi a in response to variations of light in 
picoeukaryotes.

The natural lig h t-d a rk  cycle was the main factor 
ruling the photophysiological properties of phyto­
plankton. This was reflected in the m uch higher vari­
abilities of photoprotective pigm ent versus chi a and 
of the FRE in the surface layer (CVs of 31 and 272% 
on average, respectively), w hen com pared with those 
in the deeper layer (16 and 51%, respectively). As a 
consequence of this, caution must be adopted w hen 
estim ating vertical movem ents or physical character­
istics of the upper mixed layer from light-dependent 
param eters (e.g. Brunet et al. 2003), especially w hen 
com paring different w ater masses w ith different 
algal communities. We stress the im portance of using 
the Dt/(Dt+Dd) ratio as an estim ate of the photosensi­
tive state of phytoplankton cells in the upper layer 
because it is independent of cell chi a content and, 
therefore, cell size.

Throughout the w ater column in the hydrologically 
stable area of this study, the light environm ent, 
together w ith nutrients, selected for different ecotypes 
(as in the case of Prochlorococcus) and probably spe­
cies (as in the case of picoeukaryotes), is therefore, d ri­
ving the biodiversity of the ecosystem. The DVchl a 
content per cell of the 2 Prochlorococcus ecotypes (0.55 
and 2.60 fg DVchl a cell-1, respectively) is at the lower 
end of values reported  (Partensky et al. 1993, Moore & 
Chisholm 1999), probably due to differences in strains 
and/or light conditions. Right-angle light scatter 
(RALS) (as a proxy of size) and red  fluorescence w ere 
directly correlated for the low-light Ecotype II (p < 
0.001) in the DCM, suggesting that the most im portant 
factor driving DVchl a variations was the g row th- 
division process. No significant relationship was found 
for the high-light Ecotype I because of the scattering of 
the data, probably due to the overlapping of photo­
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acclimation signals w ith the cell division cycle in the 
surface layer. Cell division was also responsible for the 
lowest values of DVchl a cell-1 m easured at night until 
07:00 h as well as for the highest values during the day 
w ith a peak  betw een 16:00 and 19:00 h (local time). 
These results agree w ith previous reports from the 
Pacific O cean and the northw estern M editerranean 
Sea (Jacquet et al. 1998, Vaulot & M arie 1999). How­
ever, it should be noted that during this study no fur­
ther increase in DVchl a per cell occurred at the begin­
ning of the night period while red  fluorescence of 
Prochlorococcus did, as also observed by Vaulot & 
M arie (1999) and Jacquet et al. (2001). This discrep­
ancy, reported  also by Neveux et al. (2003) during a 
diel study in the upper layer of the equatorial Pacific 
Ocean, w as related  to higher fluorescence per unit of 
DVchl a in the first part of the night and attributed to 
fluorescence quenching occurring during the light 
period.

A ck n o w led g e m e n ts . T h an k s are  ex te n d ed  to  th e  cap ta in  and  
crew  of th e  N O  'U ran ia ' for th e ir  h e lp  du rin g  th e  cru ise, as 
w ell as all th e  p a rtic ip an ts  of th e  cruise  Sym plex II. The 
au tho rs th a n k  M. V eyret for h e r  h e lp  w ith  th e  HPLC analyses 
a n d  F. C orato  for th e  n u trie n t analysis. T he tea m  from  th e  
IS A C -C N R  of Rom e, h e a d e d  by  R. Santoleri, is k ind ly  
a ck n o w led g ed  for sh a rin g  th e  h ydro log ical da ta . G. T arran  is 
g rate fu lly  a ck n o w led g ed  for h e lp  w ith  th is m anuscrip t. This 
p a p e r  h as  b e e n  p ro d u c ed  w ith in  th e  fram ew o rk  of th e  MAR- 
BEF N etw o rk  of E xcellence 'M arine  B iodiversity  a n d  E co­
system  F unction ing ', w h ich  is fu n d e d  by  th e  E u ro p ean  
C om m unity 's S ixth F ram ew o rk  Program m e (C ontract no. 
G O CE-CT-2003-505446). This p u b lica tio n  is con tribu tion  
n u m b er M PS-07030 of MARBEF. A uthors C.B. a n d  R.C. con­
tr ib u te d  eq u ally  to  th is w ork.
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