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Vertical size distribution of phytoplankton in the 
western Mediterranean Sea during early summer 
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ABSTRACT: Size fractions of chlorophyll a (chl a) < 10, < 3 and < 1 pm were measured by fluonmetry in 
2 areas of the Mediterranean Sea: the Ligurian Sea and the Algerian Basin. Most of the particulate 
matter containing chl a in the photic zone was very small  80 to 100 O/O passed through a 10 pm mesh net;  
30 to 80 % and 20 to 60 % passed through 3 and 1 pm nuclepore membranes respectively. The 
chlorophyll biomass of each size class was maximum m the surface or subsurface chlorophyll m m m u n l  
layer. During the summer stratification, the relative importance of the < 10 Km fraction in the water 
column, calculated as percentage of chlorophyll < 10 pm versus total chlorophyll, did not change; but 
the percentages of the < 3 and < 1 urn fractions were maxlmum at the top and at the bottom of the photlc 
zone and minimum in the chl a maxlmum layer, where phytoplankton > 3  pm represented more than 
60 % of the chl a biomass. A comparison w t h  Literature data from tropical waters shows significant 
differences for the distribution of the < 1 pm fraction, but not for the < 3  and < 10 pm fractions. 

INTRODUCTION 

Very small phytoplankton ( < 3  pm) account for an 
important fraction of autotrophic biomass in the sea. 
The predominance of small autotrophic organisms 
seems to be a distinguishing feature of warm oligo- 
trophic oceans where the < 1 pm and < 3  pm fractions 
may represent more than 50 % of the total phytoplank- 
ton biomass in terms of either chlorophyll a (Bienfang & 
Szyper 1981, Bienfang & Takahashi 1983, Herbland et 
al. 1985), carbon (Herbland & Lebouteiller 1981, 
Furuya & Marumo 1983a, Takahashi et al. 1985), or cell 
concentrations (Waterbury et al. 1979, Murphy & 

Haugen 1985). Small phytoplankton can be responsible 
for the majority of primary production in tropical 
oceanic waters (Gieskes et al. 1979, Li et  al. 1983, Platt 
et  al. 1983, Takahashi & Bienfang 1983). Recent inves- 
tigations, however, have revealed significant abun- 
dance and production of phytoplankton < 3  pm in tem- 
perate waters as well as in the North Atlantic (Joint & 

Pomeroy 1983, Joint et  al. 1986) and in the Mediterra- 
nean Sea (Berman et  al. 1984, Azov 1986, Rassoulzade- 
gan et  al. 1987). 

This study investigated some aspects of the occur- 
rence and abundance of different size classes of 
chlorophyll-containing particles (< 10, < 3  and < l pm) 
in the western Mediterranean Sea, using filtration siz- 
ing and chlorophyll measurements. This method has 

previously been used to describe chlorophyll distribu- 
tion among various size classes of phytoplankton in 
tropical regions (Saijo & Takesue 1965, Gieskes e t  al. 
1979, Bienfang 1984, 1985, Herbland et  al. 1985). Our 
purpose is to report results of the vertical size distribu- 
tion of chlorophyll throughout the euphotic zone during 
the seasonal stratification in early summer, in relation 
to the position of the chlorophyll maximum. A compari- 
son is made with the vertical distribution of phyto- 
plankton observed in tropical regions permanently 
underlain by a strong thermocline. 

MATERIALS AND METHODS 

Samples were taken from 2 study areas in the west- 
ern Mediterranean Sea (Fig. 1): in the Ligurian Sea 
during the Prolig I1 cruise (May-June 1985) on the RV 
'Noroit' and in the Algerian Basin during the Medi- 
prod V cruise (May-June 1986) on the RV 'Suroit'. 

Seawater samples were collected with 5 1 Niskin 
bottles on a rosette fixed to the CTD system. Sampling 
depths (4 to 6 in the photic zone) were chosen from 
temperature and salinity profiles recorded from CTD 
casts. Additional sampling was performed with a sub- 
mersible pumping system for vertical profiling (Prieur 
et  al. 1988). 

Nutrients (nitrate, nitrite, silicate and phosphate) 
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Fig. 1. Sampling stahons on the 'Prolig 11' cruise in the h g u -  
rian Sea and 'Mediprod V' cruise in the Algerian Basin 
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were immediately analysed on a Technicon Auto- 
Analyzer, according to TrCguer & Le Corre (1975). 
Chlorophyll measurements were made by fluorimetry 
on the unfractionated samples (total chl a) and on the 
fractionated samples on Whatman GF/F filters, after 
extraction in pure methanol as described in Raimbault 
et al. (1988). Fractionated samples were gravity-filtered 
through 10 pm mesh nets, and through 1 or 3 pm nucle- 
pore filters (47 mm diameter) by direct filtration at very 
low pressure (* 100 mm Hg) as recommended by Li 
(1987). For convenience, we adopt the terminology 
< 10 km chl a, <3 pm chl a, and < 1 pm chl a defining Fig. 2.  Typical vertical distributions, from 3 stations in the 

Algerian Basin, of (*) temperature ("C), (M) nitrate (FM) and (m) the c h l o r o ~ h ~ u  measured On passing through total a (Clg 1-1); distributions of fractionated chl a and 
the 10 Pm mesh nett and through the 3 Pm and 1 Pm percentage of chl a in the (0) < lOprn, (A) < 3  pm and (v) 
nuclepore membranes, respectively, and retained on < l pm fractions 
Whatman GF/F filters. The size limit of each fraction is 
defined by the stated mesh and pore size of the mem- stratified structure, although slight warming of surface 
branes. Note that the 3 fractions were not always taken water occurred. Nutrients were present in the surface 
simultaneously at each station. layer (1.06 uM NO; and 0.12 pM and their con- 

centrations increased with depth; the chl a concen- 
tration was maximum at the surface (0.57 vg 1-') and 

RESULTS decreased with depth. This distribution pattern was 
encountered during the first part of the Mediprod V 

During early summer, we observed varying vertical and Prolig I1 cruises and in regions of weak upwelling 
hydrological structures resulting from the development in the Algerian current (Taupier-Letage et al. 1988). At 
of the thermocline and from the mesoscale hydro- Stn 20 (Fig. 2b), a surface layer with high temperature, 
dynamical features observed along the Algerian coasts nutrient deficiency (nitrate and phosphate were unde- 
(Prieur et al. 1988). For this study, we selected 3 sta- tectable) and low chl a concentration (0.14 pg I-') was 
tions located in the same area showlng different observed. A subsurface chlorophyll maximum deve- 
degrees of seasonal stratification. Although these sta- loped near the thermocline associated with the nitra- 
tions did not systematically represent the variation in cline. This situation corresponded to the beginning of 
phytoplankton vertical size distributions, they are of vertical stratification in early summer. Finally. Stn 30 
interest when simultaneously screened and allow (Fig. 2c) was characterized by a deeper thermocline 
direct comparisons. Stn 0 (Fig. 2a) showed a non- and a deeper chlorophyll maximum. The surface layer 
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was nutrient-depleted and the chlorophyll maximum 
was related to the nitrate gradient. In addition to the 
primary chlorophyll maximum, a deeper secondary 
maximum was present. This feature was observed at 
only 6 stations during Mediprod V,  and was not typical 
of the stratified structure. 

For the 3 hydrological structures described above, 
the depth profiles of fractionated chl a and total chl a 
were similar. This similarity was clearly shown at Stn 
30, where a fractionated chl a maximum coincided with 
the secondary total chl a maximum. These fractionated 
or total chl a maxima were found between 25 and 80 m, 
but were always related to the depth of the top of the 
nitracline. The percentages of the < 3  and < l  pm 
fractions changed throughout the photic zone (Fig. 2), 

with minimum values being found around the 
chlorophyll maximum layer, irrespective of the total 
chl a concentration. Fig. 3 shows vertical distributions 
of percentages of chl a in the different fractions versus 
total chlorophyll in relation to the position of the 
chlorophyll maximum (near the surface, between 10 
and 50 m and below 50 m) .  In all situations the percen- 
tage of < 10 pm chl a did not fluctuate throughout the 
water column and was generally higher than 80 O/O. In a 
non-stratified situation where the chlorophyll max- 
imum stayed near the surface, the percentage of < 1 llm 
and < 3 pm were low at the surface and increased with 
depth, i.e. with the decrease of the total chl a concen- 
tration. Pooling all data obtained in the same hydrolog- 
ical situation, the mean percentages of < 1 pm and 

CHL a < l  pm CHLa<3 urn CHLa<IO pm 

z 
P 

Fig. 3. Examples of vertical distributions G 

of percentages of chl a in the < 1 pm, 5$ 
c 3pm and < l O ~ m  fractions obtained o 
during the Prolig I1 and Mediprod V 
cruises. Shaded areas indicate the posi- 
tion of the total chlorophyll maximum: (a) 
near the surface; (b) between 15 and 50 

10; m; (c) below 50 m 
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< 3  pm chl a in surface waters were, respectively, 
22.8 % and 50 % in the Ligurian Sea, and 25 % and 
52.8 O/O in the Algerian Basin. At the bottom of the 
photic zone, the percentage of < 3  km chl a frequently 
reached more than 80 % ,  as at Stn 0 (Fig. 2a), and < 1 
pm chl a represented somewhat more than 50 %. In 
stratified structures, the percentages of < 1 km and < 3 
pm chl a were minimum in the chlorophyll maximum 
layer, and maximum in the deep layer. Percentages of 
< 3 pm chl a higher than 50 O/O were generally observed 

Table 1. Mean values (X t SD) of chl a percentages in the 
different size fractions through the photic zone in the 
Mediterranean Sea, during the season of vertical stratification. 
Pooled data of Prolig I1 and Mediprod V cruises obtained with 
rosette sampler and submersible pump. n: number of samples 

Sampling layer Fraction 
<10pm < 3 p m  < l pm 

Above the 90.7 1 53.16 38.33 
chlorophyll f 8.90 + 15.31 2 4.97 
maximum (n = 9) (n = 74) (n = 16) 

In the chlorophyll 82 37 30.81 19.27 
maximum layer f 9.01 ? 13.59 + 4.78 

(n = 15) (n = 35) (n = 15) 

Below the 82.67 86.59 60.80 
chlorophyll f 12.03 r 15.57 f 25.56 
maximum ( n = 9 )  ( n = 4 6 )  ( n - 1 3 )  

in the surface layer and below the chlorophyll max- 
imum layer (Table l), except, however, at stations 
where there was a second chlorophyll maximum (data 
from these stations were not taken into account for 
mean calculations, in Table 1). The < 1 pm chl a gener- 
ally represented less than 50 % of total chl a in the 
surface nutrient-depleted layer; this percentage 
decreased to 20 O/O in the chlorophyll maximum layer 
and increased again below this depth to more than 
50 %. The mean value given in Table 1 for the deep 

PERCENTAGE OF TOTAL CHLOROPHYLL 

layer (60.8 % )  is probably an overestimate because 
very high percentages of < l  pm chl a (100 %) tended 
to occur in some samples collected during continuous 
vertical profiling. 

DISCUSSION 

These observations confirm the extreme small size of 
chlorophyll-containing particles in the sea, with a pre- 
dominance of cells < 10 pm in the Mediterranean Sea 
during the spring period. Although the data presented 
here were collected over a relatively Limited time of the 
year, and although analyses of the 3 different size 
fractions were not always performed simultaneously on 
the same sample, a general pattern in the vertical size 
distribution of phytoplankton is apparent. In the 
chlorophyll maximum layer, favorable light and nu- 
trient conditions lead to the best growth of all phyto- 
plankton groups, reflected here by the chlorophyll bio- 
mass maximum found in each size class (Fig. 2). 
Although it is well known that the chlorophyll max- 
imum might be due to a shade adaptation of phyto- 
plankton, maximum cell abundance of pico- and ultra- 
plankton was always found in this layer (Furuya & 
Marumo 1983b, Glover et al. 1985b, Shapiro & Guillard 
1987). The persistence of these maxima suggests that 
the mechanisms responsible for their maintenance 
(reviewed by Cullen 1982) would be the same for all 
the phytoplankton size groups. Nonetheless the rela- 
tive importance of each size class changed through the 
photic zone. Pooling all the data from Fig. 3 and 
Table 1, we propose a schematic vertical distribution of 
the percentages of the different size chlorophyll frac- 
tions in temperate stratified waters (Fig. 4a). This can 
be compared to a diagram previously drawn for tropical 
regions, which were permanently underlain by a 
thermocline (Herbland et al. 1985; Fig. 4b). The > 10 
pm fraction is always poorly represented (less than 15 
to 20 %) both in tropical and temperate waters, and its 
distribution throughout the photic zone remains 

Fig. 4. Schematic and synthetic vertical 
distribution of the percentage of the 
different phytoplankton size classes (in 
terms of chl a) in the euphotic zone, in 
relation to the depth of the chlorophyll 
maximum layer associated with the 
thermocline (horizontal broken line). (a] 
Medterranean Sea during the warm sea- 
son when vertical stratification is estab- 
hshed (derived from data presented in 
Table 1 and stations showing similar 
hydrological vertical structure). (b) 
Equatorial Atlantic Ocean (from Herb- 

land et al. 1985) 
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roughly constant. The vertical distribution of the < 3 pm 
chl a percentage is generally similar in tropical and 
temperate waters, exhibiting a subsurface minimum 
near the nitracline located in the chlorophyll maximum 
layer, whatever the depth at  which nitrate becomes 
detectable. However, there are some slight differences 
in numerical values between the 2 oceanic areas; the 
relative abundance of the < 3 pm fraction in the surface 
layer is less marked in the Mediterranean Sea, and the 
decrease of this percentage in the chlorophyll max- 
imum layer is more pronounced. Thus, the chlorophyll 
maximum appears to be due  to the best relative 
development of phytoplankton species passing 
through a 10 pm mesh net but not through a 3 pm 
nuclepore membrane: this size-class is the first to 
benefit from nutrient supply. The most important reg- 
ional contrast comes from the < 1 pm fraction. In tropi- 
cal waters this fraction is predominant in the surface 
layer (up to 70 O/O), but its percentage decreases rapidly 
in the thermocline, reaching a very low value at  the 
bottom of the photic zone (< 10 %). The great decrease 
of the < 1 pm chl a in the deep layer of the tropical 
waters might be an artefact due to the interference of 
chlorophyll b in the fluorimetric method (Herbland et 
al. 1987). In temperate waters however, the < 1 pm 
fraction is not predominant in surface waters ( c40  %), 
but becomes an  important component of the phyto- 
plankton population (>50 %) below the thermocline. 
These data contrast with those from Arctic waters 
(Smith et al. 1985), where the percentage of < l  pm 
chl a showed no vertical variation, in spite of variations 
of total chlorophyll concentration and temperature. The 
great predominance of the < 1 pm and < 3  pm phyto- 
plankton populations, both in the 'high-lighthutrient- 
deficient' surface layer and in the 'low-lightlnutrient- 
rich' deep layer, suggests that pico- and ultraplankton 
are better adapted to these 'strategic depths' of the 
photic zone than the nanoplankton, although they are 
not restricted to these depths. These descriptive data 
are in agreement with experimental results showing 
different species of ultraplankton, such as cyanobac- 
teria or eukaryotic phytoplankton with high concen- 
tration of chlorophyll b, well-adapted for growth under 
low green light intensities as found in the bottom of the 
stratified photic zone, where an  ample nutrient supply 
is maintained (Platt et al. 1983, Alberte et al. 1984, 
Barlow & Alberte 1985, Glover et  al. 1985a, 1986, Fogg 
1986). Other small phytoplankton species generally 
considered as efficient users of erratic nutrient stocks 
(Perry et al. 1981, Harris 1984, Fogg 1986), can use high 
light intensities as found in the nutrient-depleted sur- 
face layer (Gieskes & Kraay 1986, Kana & Glibert 
1987). Light, but also nutrient availability, are impor- 
tant for the size distribution of the phytoplankton popu- 
l a t ion~  (Herbland et  al. 1985). All phytoplankton com- 

munities serve as a grazing resource, but the grazers 
are not the same for populations dominated by pico- 
and ultraplankton and for those dominated by nano- 
plankton (Johnson et al. 1982, Rassoulzadegan et al. 
1987). These results should lead us to modify the com- 
mon concept of the functioning of the pelagic ecosys- 
tem. Is the food web the same throughout the water 
column when important vertical variations in size dis- 
tribution of phytoplankton occur? 
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