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ABSTRACT: Midwater filter feeders may play an important role in the downward carbon flux by 
aggregating particulate organic matter into large, slowly sinking mucoid aggregates or rapidly sinking 
fecal material. Successive submersible cruises made in the frontal zone of the Ligurian Sea showed the 
presence of midwater (400 to 800 m) populations of a not yet described larvacean species of the genus 
Oikopleura and of the thaliacean Salpa fusiformis Cuvler The vertical stratification of autotrophic and 
heterotrophic organisms and the occurrence of autotrophic microphytoplankton at aphotic depths 
suggested that food supply for midwater filter feeders was actively transported by the frontal circulation 
from the subsurface layers along the inclined isopycnals. Minimum flow velocity for renewal of organic 
carbon at the midwater stratum was estimated to be 20 m d- ' .  The vertical distribution of the midwater 
filter-feeder community corresponded to the deep origins of peripheral (near the coast) and central 
divergences and may indicate the deep junction of convection cells. 

INTRODUCTION 

Our concepts of oceanic mesopelagic life are based 
mainly on samples taken with trawls, nets and pumps. 
These techniques unfortunately destroy fragile organ- 
isms, whose identity and ecological roles frequently 
remain unknown. In order to better understand mid- 
water biological activity, more information and new 
methods are needed. The use of manned submersibles 
for observation and sampling of pelagic organisms is a 
technique that alleviates these problems (Youngbluth et  
al. 1990). Bathyscaphe observations made in the mid- 
1950's (Suzuki & Kato 1953) and later (forreview see Mills 
& Goy 1988) revealed diverse and often abundant popu- 
l a t ion~  of macroplankton in deep layers. New species are 
still being collected and described (Madin & Harbison 
1978, Mackie & Mills 1983, Mills et  al. 1987, Pugh & 

Harbison 1987, Pugh & Youngbluth 1988, Fenaux & 

Youngbluth 1990). In situ studies allow vertical stratifica- 
tion and population densities of mesozooplankton to be 
analyzed (Youngbluth 1984, Mackie 1985, Mills & Goy 
1988, Laval et  al. 1989), and their metabolic rates meas- 
ured (Youngbluth et al. 1988). Submersibles have also 
been utilized for investigations of marine snow (Silver & 

Alldredge 1981, Alldredge & Youngbluth 1985). 
We report here results from the MIGRAGEL I1 sub- 
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mersible cruise carried out from 14 to 22 May 1988 in 
the Ligurian Sea (NW Mediterranean). Reports of a 
previous cruise, MIGRAGEL I ,  indicated the presence 
of an  unexpected larvacean population in midwater 
depths (Laval et  al. 1989). During the MIGRAGEL I1 
cruise these observations were confirmed and 
extended. A population of filter-feeding tunicates, 
including a new larvacean species, Oikopleura villa- 
francae', and the salp Salpa fusiformis Cuvier, were 
found at  midwater depths. The following characteris- 
tics of these pelagic tunicates suggest that their roles in 
the pelagic ecosystem may be important: 

(1) In optimal feeding conditions larvaceans and  
salps form dense blooms (Braconnot 1971, Seki 1973, 
Taguchi 1982, Le Borgne 1983, Deibel 1985). High 
individual growth rates and short life cycles yield rapid 
population growth (Heron 1972, Fenaux 1976, Heron & 
Benham 1985, Fenaux et  al. 1986, Le Borgne & Moll 
1986, Braconnot et  al. 1988, Gorsky & Palazzoli 1989). 
(2) Both groups are important producers of organic 
matter and have high defecation rates (Bruland & 
Silver 1981, Iseki 1981, Madin 1982, Taguchi 1982). 
Larvaceans can secrete and discard a s  many as 15 

A description of this new midwater oikopleurid is currently 
being prepared by R. Fenaux 
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houses per day (Gorsky 1980, Fenaux 1985). The size of 
a mucous house is species- and age-dependent and 
varies from 1 mm to more than 1 m in diameter (Barham 
1979). (3) Larvaceans and salps can retain particles as 
small as 0.1 and 0.7 um respectively (Hamner et  al. 
1975, Flood 1979, Deibel & Turner 1985). Both groups 
show high filtering rates (Harbison & Gilmer 1976, 
Paffenhofer 1976, Harbison & McAlister 1979. All- 
dredge 1981, Mullin 1983, Madin & Cetta 1984, 
Andersen 1985, Deibel 1988). (4) About 30% of parti- 
cles filtered by the larvacean are not ingested but 
remain in the discarded house (Gorsky et  al. 1984). 
Larvaceans filter non-selectively and thus microbial 
populations are introduced and develop in the house 
(Davoll & Silver 1986). The house forms, therefore, a 
rich organic particulate environment. 

Considering the above, high larvacean and salp 
abundances observed at midwater depths during the I' 
and I1 cruises suggest: (a) that the dietary requirements 
of these populations were satisfied, (b) that by aggre- 
gation of small particles, they may influence the size 
distribution and the composition of particles in suspen- 
sion in the water column. The purposes of this paper 
are: (i) to describe the nature and the origin of the 
trophic environment harvested by these organisms, 
and (ii) to discuss the role of the Ligurian front in the 
maintenance of this population. 

MATERIAL AND METHODS 

During the 'MIGRAGEL 11' cruise 8 dives were con- 
ducted to a maximum depth of 970 m using the submers- 
ible 'Cyana' (IFREMER, France). Accompanying 
research vessels were 'Le Suroit' and 'Korotneff'. The 

FRANCE 

Fig. 1 The Ligurian Sea, showing the diving locations of the 
MIGRAGEL I1 cruise. Lgurian Current is shown by arrows; 

frontal zone is hatched 

dive stations were located between Cape Ferrat 
(France) and Calvi (Corsica) (Fig. 1). Stns 1, 2, 3 and 4 
were situated 6, 8, 13 and 23 nautical miles, respec- 
tively, offshore from Cape Ferrat (Table 1). Three sub- 
mersible dives were performed during the night and 5 
during the day. All dives were video-recorded. One 
CTD cast (0 to 800 m) was performed at each of the 4 
stations with a Guildline probe, model 8705. On 20 May 
1988, a vertical profile of water (0 to 600 m) was taken at 
Stn 3 using Niskin bottles by RV 'Korotneff'. Since the 
time spent at each diving station (6 to 12 h) was not 
sufficient for a complete CTD section through the frontal 
zone, we  also used data obtained from the PROS V1 
program (PROSpection mer Ligure; Prieur et al. 1990) 
carried out at the beginning of June 1988. Fortunately, 
the meteorological and hydrological conditions were 
remarkably stable between the second half of May 1988 
and 1 June. On this latter date, a series of hydrological 
profiles were performed as a part of the PROS V1 
program 3 , 8 ,  13, 18 ,23  and 28 n miles offshore. We used 
this complete section across the frontal structure for Fig. 
2. The similarity of hydrological structures between 
mid-May and 1 June is shown in Table 2. 

Gelatinous filter-feeder concentrations (mean distan- 
ces between individuals) were estimated according to a 
modified method of Mackie & Mills (1983). Two 500 W 
spotlights were directed towards a 50 cm long gradu- 
ated bar (10 cm graduations) mounted 120 cm in front of 
the observer. One of the cameras was focused on the bar 
and this 2-dimensional surface was used for density 
calculations during horizontal sections of the stair-like 
descent of the submersible (Lava1 et  al. 1989). Two 6.5 1 
translucent detritus samplers (Tietze & Clark 1986) were 
employed to trap organisms. On board, captured organ- 
isms were rapidly transferred from the samplers and 
fixed in 4 O/O buffered formaldehyde. Samples for bac- 
terio-, pico- and nanoplankton counting were fixed in 
Borax-buffered formalin (final concentration 4 O/O) and 
processed according to Porter & Feig's DAPI method 
(1980). Microphytoplankton and ciliates were preserved 
in Lugol's iodine solution 2 % v/v, and counted using the 
Utermohl sedimentation technique. Chlorophyll a was 
measured using a Turner 11 1 fluorometer. Farticulate 
matter from water samples was filtered first through 
100 pm Nytrel net and f~nally through precornbusted 
Whatman GF/C filters, and frozen in liquid nitrogen. 

We partitioned the living components of the marine 
food web into 6 groups: (a) microphytoplankton (MPH), 
unicellular phytoplankton of the size range > 20 pm, 
consisting mainly of diatoms, dinoflagellates and silicof- 
lagellates, (b) autotrophic nanoflagellates (ANF),  plas- 
tidic flagellates of a diameter from 2 to 20 pm, (c) 
cyanobacteria (CYA),  (d) heterotrophic bacteria (HBE), 
(e) heterotrophic nanoflagellates (HNF), aplastidic 
flagellates with diameters from 2 to 20 pm, and ( f )  
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Table 1. Summary of diving stations and shallowest observations of mesopelagic filter-feeders. 0 .  v.. Oikopleura villafrancae 

Dive Date Station Miles Location D ~ v e  start D ~ v e  klax Shallowest Shallowest 
No. (1988) offshore (h) end depth 0 .  v. salp 

(h)  (m) (m) (m) 

1 14May 1 6 43"37.7'N, 7"26 6 'E  21 41 02 00 615 350 410 
2 15 May 2 8 43"35.6'N, 7"29.4'E 21.40 01.53 625 370 380 
3 16May  1 6 43"37.2'N, 7"26.6'E 21 11 01 :30  625 360 400 
4 17May 2 8 43"35.6'N, 7"29.4'E 14 :50  19:22 590 400 380 
5 19May 4 23 43"27.8'N, 7"46.8'E 09:33 14.16 692 650 680 
6 20May 3 13 43"32.atN, 7"35.2'E 10.30 15:lO 610 510 480 
7 2 l M a y  2 8 43"35.g1N, 7"28.8'E 09: 48 14 45 970 440 500 
8 22 May 2 8 43"36.0'N, 7"39 2'E 09: 15 11 .25  457 450 400 

Table 2. Location, date and isopycnal depths obtained by CTD casts during the MIGRAGEL I1 cruise in mid-May and the PROS V1 
cruise on 1 June  1988. Station numbers are those of the PROS V1 cruise. Geographic location and distance from Cape Ferrat are 
indicated in local time [UT (Universal Time) + 21. MIGRAGEL dive no. corresponds to the submersible dive number from Table 1 

Subheadings under 'Isopycnal depths' a re  density excesses (kg m-3) 

PROS V1 Cruise Location MIGRAGEL Date Local Distance Isopycnal depths (m) 
cast no. dive no. (1988) time from shore 

(h) (miles) 28.80 28.90 29.00 

6 PROSVI 43'38.ltN, 7"23.2'E l June  09:55 3 140 200 350 
- MlGRAGEL 43"37.2'N, f026.6'E 3 16May  23:46 6 158 198 295 
5 PROSVI 43'35.2'N, 7O28.6' E - l J u n e  11:44 8 71 100 250 
- MIGRAGEL 43"35,6'N, 7"29.4'E 4 17May  21 :49  8 142 192 270 
4 PROSVI 43O32.6' N, 7O34.5' E - 1 June  14:08 13 4 5 79 180 
- MlGRAGEL 43"32.8'N, fo35,2'E 6 20May 16:35 13 4 2 84 158 
3 PROSVI 43"30.1'N, 7"40.9'E l J u n e  16:Ol 18 4 3 4 9 60 
2 PROSVI 43O27.6' N, 7O46.9' E - 1 J u n e  1 7 : 4 6  23 4 8 55 7 1 
- MIGRAGEL 43O27.8' N, 7O46.8' E 5 19May 23:19 23 4 8 55 66 
1 PROS V1 43"24.7'N8 7"52.5'E - l June  20:Ol 28 28 39 70 

oligotrichous ciliates and tintinnids (CIL). The biomass 
of these groups in each sample is given in Table 3 .  

Conversion factors for calculation of carbon biomass 
from biovolume (C.  Vol. ratio) were used according to 
Fuhrman & Azam (1980), Strathmann (1967), Putt & 
Stoecker (1989), Wiadnyana & Lins da Silva (unpubl.) 
and Verity & Langdon (1984), for bacteria, flagellates, 
oligotrichous ciliates, phytoplankton and tintinnids, re- 
spectively. 

RESULTS 

Distribution of filter feeders 

The MIGRAGEL I and MIGRAGEL 11 cruises found 
and confirmed previously unknown spatial stratifica- 
tions of the midwater zooplankton community. Visual 
observations made in the aphotic zone during the 
MIGRAGEL I1 cruise revealed the presence of several 
larvacean and salp species from the surface down to 
970 m. A high density (2 to 3 chains m-3) of salps, 
mainly Salpa fusiforn~is Cuvier and Ihlea punctata 
(Forssk.), was observed in the upper 50 m at  Stns 1 and 

2. Just below this layer 2 larvacean species were 
numerous in the water column, Oikopleura albicans 
Leuckart and 0. fusiformis Fol. The diameter of the 
most frequently observed houses was ca 3 cm. 

Starting at a depth of ca 350 m near the coast at Stn 1 
and at ca 650 m at Stn 4 (23  miles offshore; Fig. 2), a 
larvacean population belonging to a new species, 
Oikopleura villafrancae (Fig. 3), became dominant. 
The spatial distribution of this population was patchy 
and its population density varied between 1 and 10 ind. 
m-3 during the MIGRAGEL I1 cruise (detailed informa- 
tion on the spatial distribution of zooplankton will be  
published elsewhere; Laval, Braconnot & Lins da  Silva 
unpubl.). The diameter of observed houses was esti- 
mated to vary between 3 and 6 cm. The upper limit of 
occurrence of these filter feeders descended with 
increasing distance from the shore. Five specimens of 
the new species were collected. Their trunk size varied 
between 3 and 4 mm. The mouth opening of this size 
class reached ca 300 pm diameter. 

In the same layer different developmental stages of 
Salpa fusiformis, short blastozooid chains, oozooids and 
blastozooids with embryos were observed with a swim- 
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Table  3 .  Composition of water  samples taken  by the submersible 'Cyana '  during the MIGRAGEL I1 cruise and  by Niskin bottles 
from t h e  RV 'Korotneff' on  20 May 1988 ( ' ) .  MPH: microphytoplankton (>20  pm);  ANF: plastidic nanoflagellates (2 to 20 pm);  
CYA: cyanobacteria: HBE: heterotrophic bacteria,  HNF. aplastidic narloflagellates (2 to 20 ~ ~ r n ) ;  CIL: oligotrichous cillates and  

tintinnids; AFDW: ash-free dry weight;  ml-': organisms pe r  m1 

Station Date Depth 
(19881 (m1 

1 16 May 450 
2 22May 0 
2 22May 75 
2 17May 418 
2 22May 450 
2 21 May 490 
3 21 May 509 
3 20May'  0 
3 20 May' 50 
3 20May '  100 
3 20 May' 200 
3 20 May' 300 
3 20 May' 400 
3 20Maym 500 
3 20 May' 570 
3 20 May' 600 
4 19May 0 
4 191May 300 
4 19May 680 

HBE 
(PPm) 

0.005 
0.010 
0.021 
0.004 
0.009 
0.004 
0.004 
0.010 
0.012 
0.00 1 
0.005 
0.005 
0.006 
0.005 
0.004 
0.005 

0.006 
0.004 

CYA 
( P P ~ )  

ANF 
( P P ~ I  

0.00 
1 74 X 10-2 
5.07 X 1 0 - ~  
9 00 X 1 0 - ~  
3.54 X 10-' 
1.25 X 10-' 
0 00 
2.09 X 10-' 
7 95 X 10-' 
1.29 X 10-' 
1.70 X 1 0 - ~  
7 0 6 ~  10-4 
9.00 X 10-'' 
7 00 X 1 0 - ~  
0 00 
2.00 X 10-4 

- 
1 . 1 0 ~  10-3 
2.00 X 10-4 

HNF 
(ppm) 

CIL 
(PPml 

MPH 
(PPm) 

Chl a 
(vg 1- 

Station Date Depth HBE CYA ANF HNF CIL MPH AFDW Chla 
(1988) (m) (ml-l) (ml-l] (ml- ') (ml-l) (ml-') (ml-l) (mg I-') (ug I-') 

1 I6May 450 1 . 1 8 ~  105 1 . 4 3 ~  10' 0.00 9.98 0.00 
2 22 May 0 2.54 x 105 1 . 3 8 ~  10'' 2 23 X 10' 9.58 X 103 2.90 
2 22 May 75 5 . 1 7 ~  105 1 . 1 7 ~  104 1 .05 X 103 1.68 X 103 1.00 X I O - ~  
2 17 May 418 1 . 0 8 ~  105 1 . 1 0 ~  10' 4 86 X 102 1.23 X 10' 2.00 X 10-' 
2 22May 450 2 . 3 5 ~  lo5 8 . 1 0 ~  103 8.05 X 10' 8.35 X 10' 3.00 X 10-' 
2 21 May 490 1.04 x 10' 1 . 4 0 ~  10' 1.33 X 10' 9.98 6.00 X 10-' 
3 21 May 509 1 . 0 2 ~  105 3 . 6 6 ~  10' 0 00 8.65 X 10' 4.00 X 1 0 - ~  
3 20May'  0 2 . 5 9 ~ 1 0 ~  1.05x104 5.25 X 102 2.61 X 103 4.00 X 10-' 
3 20May'  50 1.98 x 105 9 . 2 8 ~  10.' 2.57 X io3  3.05 X 103 1 3 9  
3 20Maym 100 1 . 6 9 ~  104 6 . 0 2 ~  10' 2.56 X 10' 4.13 X 10' 3.00 X 10-' 
3 20May'  200 1 . 3 5 ~  lo5 2.13x102 2.50 X 10' 2.76 X 102 5.00 X 10-' 
3 20Maym 300 1 . 2 8 ~  105 9.31 X 10' 1.33 X 10' 1.66x102 2 0 5 ~ 1 0 - ~  
3 20May'  400 1 . 6 0 ~  105 5 . 9 9 ~  10' 1.33 X 10' 1.66 X 10' 1.00 X 10-' 
3 20May'  500 1 . 2 8 ~  105 1 . 6 6 ~  10' 9.98 1.73 X 102 1 . 2 0 ~  10-' 
3 20May 570 1 . 0 4 ~  10' 0.00 0.00 5 . 9 9 ~  10' 2.00 X 10 :! 

3 20Maym 600 1.19x105 6 . 6 5 ~ 1 0 '  3.33 1.87 X 10' 3.00 X 10-* 
4 19May 0 - - - - 
4 19May 300 1 . 5 9 ~  10' 6 . 3 2 ~  10' 1.66 X 10' 2.86 X 10' 1.00 X 10-' 
4 19May 680 9.81 x 104 5 . 3 2 ~  10' 3 33 1.36 X 10' 4.00 X 10-2 

ming pattern characteristic of feeding individuals. The 
size of the observed oozoids exceeded 15 mm and the 
size of blastozooids exceeded 25 mm. The concen- 
tration of S. fus i fomis  in midwater depths was highest 
at the 8 mile location, where the estimated number 
varied between 5 and 30 per 100 m3. At other stations 
the concentration varied between 1 and 5 ind. 100 m-3. 

Composition of water column 

At Stns 1 and 2, the mid-water filter feeders were 
observed in a layer which corresponded to a water mass 
situated between the thermal minimum of the cold, 

winter water (density excess of ca 28.90 kg mp3) and the 
thermal maximum of the intermediate water (29.05 kg 
m-3). At Stn l ,  the top of the midwater layer containing 
filter feeders began at 350 m (larvaceans at 350 m, salps 
at 400 m). At 450 m depth, where the highest concen- 
tration of tunicates was observed, microphytoplankton 
was relativeIy abundant (0.026 X 106 b1m3 ml-'; Table 3, 
Fig. 2). At Stn 2,  Oikopleura villafrancae appeared at 
360 m depth and S. fusiformis 20 m deeper. The layer 
between 400 and 500 m was rich in plastidic and 
aplastidic nanoflagellates (ANF and HNF), 0 035 X 106 

ml-' at 450 m and 0.056 X 106 C l m b l - '  at 490 m, 
respectively At Stn 2 below 800 m another larvacean 
species, Pelagopleura sp., became dominant (ca 1 house 
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Fig. 2. Vertical section (0 to 800 S .  S1.2 Sl.3 3 . 4  

m) of density excess (kg on 27.50 
the Cape Ferrat - Calvi transect 
as obtained from the PROS V1 100 -. 
data, 1 June 1988. Under the 
pycnocline the density front was 28.80 

located between 13 and 18 miles 
offshore. The advective circula- 
tion was situated along isopyc- 
nal lines having a slope greater 300 -- 
than l % between 18 and 8 miles - 

E offshore (arrow). Black histo- 29.02 

gram = total living biomass (ppm 29 o4 
x 100) in the sample, open his- k 
togram = b~omass (ppm X 100) 
of autotrophic mlcrophytoplank- 
ton (MPH) in the sample. (m) 
Shallowest observation of the 600 
larvacean Oikopleura villa- 
francae; ( m )  shallowest midwater 
observation of the thaliacean 
Salpa fusiformjs. Note that the 

29.08 

depth of the midwater tunicate / ,  

layer increased with distance 3 8 13 I8 23 28 
from shore DISTANCES IN NAUTICAL MILES FROM CAP FERRAT 

ig. 3. Photograph taken at 500 m depth from the submersible 
Zyana' showing an Oikopleura villafrancae (house ca 5 cm in 
iameter). Note the high concentration of particles in its 
nvironment. I: Incurrent coarse filter; F: food-concentrating 

filter; T: trunk of the larvacean 

ca 3 cm diameter; observation by M. Youngbluth). 
At Stn 3 the upper limit of the salp stratum began at 480 
m depth. The mesopelagic 0. villafrancae population 
appeared at 510 m depth. At these latter depths the 
hydrological conditions are characterized by a weakly 
stratified layer of intermediate and deep water having a 
density excess of more than 29.08 kg mP3. At 510 m we 
found a biomass of 0.018 x 106 pm3 ml-l of microphyto- 
plankton cells apparently in good living conditions. At 
Stn 4, mesopelagic larvaceans were observed at 650 m 
and salps appeared 30 m deeper. At this 680 m depth 
the biomass of the living microphytoplankton was 
0.012 X 106 pm3 ml-l. 

In 20 May profiles of chlorophyll a, estimated carbon 
biomass of autotrophs (MPH, ANF, CYA) and hetero- 
trophs (HBE, HNF, CIL) at Stn 3 (13 miles; Fig. 4) ,  
reached their maximum values at a depth of 50 m. The 
numerical domination of heterotrophic organisms over 
the autotrophic ones is common in a post-bloom period. 
The minimum values for the autotroph MPH and ANF 
occurred at 400 m, where an increase was observed for 
the heterotrophic component. 

DISCUSSION 

Hydrology 

In the study area, the Ligurian Current, which is 
about 30 km wide and ca 150 m deep (Bethoux & Prieur 
1984, Bethoux et al. 1988), flows southwestward along 
the coast. A subsurface density front (Sournia et al. 
1990) separates the central water mass from the Ligu- 
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LIVING BIOMASS (pgC/I) 

0 2 4 6 8 10 12 14 16 18 

I I 

Fig. 4. Vertical profiles of living biomass (yg C I-') at Stn 3 
sampled by RV 'Korotneff' on 20 May 1988. (m) Autotrophs, (+) 
heterotrophs, (D) chlorophyll a X 45 (constant used for the 

Mediterranean phytoplankton) 

rian Current (Fig. 1). The Ligurian Current, defined as 
the primary circulation, induces a secondary circula- 
tion, which is assumed to be constituted by 2 convec- 
tion cells with a common downwelling convergent part 
along the inclined isopycnals. Boucher et al. (1987) 
presented a vertical circulation scheme mainly active in 
the frontal zone as suggested by the recurrently 
observed spatial distribution of physical, chemical and 
biological parameters. The convergence which 
mediates the biomass downward (Fig. 2) is generally 
encountered in the maximum of the horizontal density 
gradient (see Boucher et al. 1987, Figs. 4 ,  5 & 6).  During 
the MIGRAGEL I1 cruise this maximum was located 
between 13 and 18 miles offshore at depths between 50 
and 150 m. This maximum of the horizontal density 
gradient is considered to constitute the origin of the 
downwelled biomass (indicated by an arrow in Fig. 2). 
Temperature and salinity values observed at the diving 
stations are consistent with those obtained on 1 June. 
To facilitate the comparisons, the same isopycnals were 
drawn in Fig. 2 (PROS V1 casts, 1 June) and in Fig. 5 
(diving stations, mid-May). Comparison of isopycnal 
depths are shown in Table 2. The differences observed 
at the 8 mile location are probably due to the meander- 
ing of the Ligurian Current (Sournia et al. 1990). Data 

PERIPHERAL 

S A L I N I T Y  

Fig. 5 T-S profiles of the 4 diving stations, drawn from data 
taken every 10 m in the upper 100 m layer and every 50 m 
between 100 and 800 m. lsopycnals are drawn here for com- 
parison with the isopycnals in Fig. 2. Stns 1, 2 & 3 are 
peripheral (near the coast) stations and have similar T-S 
profiles. Stn 4 is central (outer side of the front) and is charac- 
terized by surface salinity (38.2) much higher than at the 3 
peripheral stations. Note that the densities at similar depths 

are lower at peripheral stations than at the central one 

from the long-term survey program PROS V1 (Prieur et 
al. 1990) suggest that this hydrological structure of the 
Ligurian front is permanent. This feature is essential for 
the development of the specific zooplankton commun- 
ity described in the present paper. 

Ecological considerations 

Similar estimates for the cold water Oikopleura van- 
hoeffeni Lohmann and warm water Stegosoma mag- 
num Langerhans indicate that the clearance rate of 
species acclimated to a given temperature is more size- 
than temperature-dependent (Alldredge 1981, Deibel 
1988). In addition, Knoechel & Steel-Flynn (1989) found 
a negative relationship between filtering rate and 
temperature for 0. vanhoeffeni. However, it is 
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extremely difficult to assess the behavioral stress of 
larvaceans during experimental work in situ or in the 
laboratory (Alldredge 1976, pers. obs.). 0. villafrancae 
belongs to the family Oikopleuridae, as do Stegosoma 
magnum and 0. vanhoeffeni, and has a similar feeding 
behavior. We estimate then the filtration rate of a non- 
mature 0. r~illafrancae of 3 mm trunk length as 300 m1 
h- ' ,  in the range of values published for the 2 former 
species. 

The carbon content of ingestible sized living cells in 
aphotic depths at Stn 3 was ca 4 yg C 1-' (Fig. 4). At this 
concentration the upper limit of the daily filtering rate 
would be 28.8 big C per individual. If 30 O/O of filtered 
material remains in the abandoned house and is not 
ingested by the larvacean (Gorsky et al. 1984 for Oiko- 
pleura dlo~ca Fol.), the daily ingestion rate of living 
carbon will attain 20.2 pg ind.-l. During the 
MIGRAGEL I1 cruise we observed a population of large 
larvacean Oikopleura albicans in the upper 600 m of 
the water column. We suppose that the metabolic 
activities of 0. albicans and 0. villafrancae harvesting 
at the same time in a similar environment are compar- 
able. An 0. albicans of 3 mm trunk length contains 
210 pg C (G. Gorsky unpubl.). The percentage of daily 
ration (pg ingested C X yg body C-' X 100) derived 
from the living biomass available at  the sampled 
depths will then reach 9.8 % of body carbon. According 
to Deibel (1986) and Alldredge (1976) the carbon con- 
tent of a clean house without filtered material repre- 
sents 10 to 20 O/o of the body weight. It 1s therefore clear 
that the living food bionlass found at midwater depths 
is not the main nutritional source of the midwater 
larvaceans. 

Larvaceans are non-selective suspension feeders. If 
the ash free dry weight/organic carbon ratio of the 
organic matter at the studied area is 2.5 (G. Copin- 
Montegut pers. comm.), then 418 m deep (Stn 2) the 
water contains 160 lig organic C I - '  and at 680 m 
(Stn 4) ,  80 pg C 1- ' .  After multiplying the filtration ratio 
by 0.70 (non-ingested particles), the maximum poten- 
tial daily ration attains 806 yg C or 384 % of body 
carbon for a n  individual at  depth 418 m and 403 yg C or 
192 O/o of body carbon at  680 m. If mesopelagic larva- 
ceans discard 4 houses per day (observed for Oiko- 
pleura albicans at 13 'C), then 40 to 80% of body 
carbon is used daily for house secretion and the 
remaining part of the ration for metabolism, growth 
and reproduction. 

The presence of living microphytoplankton in apho- 
tic layers indicated that organic matter, which allowed 
development of filter-feeders at  the observed depths, 
originated from the surface or from the subsurface 
layers and was transported to deeper layers. 

Our observations show that: (1) a non-negligible 
biomass of living algal cells was observed in the apho- 

tic layer containing a permanent and specific filter- 
feeder community; (2) organic particulate matter in 
suspension and not living cells constituted the main 
diet of midwater larvaceans: (3) Oikopleura villafran- 
cae did not appear above an  inclined layer, 350 m near 
the coast at Stn 1 and 680 m at Stn 4 (Fig. 2). 

Fowler et al. (1987), using an automatic time-series 
particle trap moored 15 miles off the coast of Calvi 
(Corsica), reported a rapid removal of Chernobyl fallout 
from surface waters to deeper layers. The presence of 
these radionuclides at  200 m a few days after the fallout 
could not be explained by settling of small particles. 

Assuming that the entire food supply for midwater 
tunicates is of surface origin, we can estimate the 
minimum vertical flow velocity required to renew the 
organic carbon stock which maintains the populations 
of midwater filter-feeders. Net vertical flux is equal to 
the consumption rate of these filter-feeders and can be  
estimated from: 

where W = the vertical component of the velocity; C, = 

concentration of organic carbon entering the tunicate 
stratum; C2 = concentration of organic carbon leaving 
this layer; S = entry and outlet surface; n = number of 
filter-feeders per unit volume; R = daily carbon ration 
of filter-feeders; H = vertical extent of the tunicate 
stratum (Fig. 6). 

At Stn 2 the tunicate stratum began at a depth of ca 
400 m and ended at a depth of about 800 m. The mean 
estimated daily ration of an  individual was about 

Fig 6. Scheme of the m~dwate r  tunicate layer and of the  water 
flow induced by the frontal circulation. S: Surface; W: vertical 
component of the flow velocity; H: depth of midwater filter- 

feeder stratum 
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0.8 mg C d-' and the subsurface carbon concentration 
was determined to be about 160 mg C mP3. If we 
consider that C2 = 0 or Cl - C2 = 160 mg C m-3, then 
W = nRH/(C1 - C2) = 10 X 0.8 mg C X 400/160 mg C = 
20 m d-l. Thus 15 d are required for transport of 
organic matter from subsurface layers (100 m deep) 
down to the tunicate stratum (400 m). Our calculation 
concerns the high density estimate of tunicates, 
because they exhibited a patchy distribution which 
may correspond to the non-homogeneous arrival of 
food particles. On the other hand, the proximity of 
mature individuals may be considered as important for 
the preservation of the population (Holland et al. 1988). 
As we have assumed that no organic carbon of digest- 
ible size is leaving the midwater tunicate layer, our 
vertical flux value should be an underestimate. 

The downward movement of particulate matter can 
be generated by vertical sedimentation, or by achve 
transport induced by the frontal secondary circulation. 
The sedimentation rate of living and senescent algal 
cells of ingestible diameter (2 to 40 pm for larvaceans) 
varies from 1 to 5 m d-'. This rate can however vary 
(Smayda 1971, Bienfang 1980, 1981, Smayda & Bien- 
fang 1983). The rate is insufficient to support nutri- 
tional needs of midwater filter-feeders at maximal 
observed concentrations and does not support a verti- 
cal sedimentation hypothesis. In the case of active 
transport, organic particles are moved from subsurface 
layers about 18 miles offshore to midwater depths at 
Stns 1 and 2 (6 and 8 miles) nearshore along the 
inclined isopycnals. The vertical distribution of micro- 
phytoplankton (MPH) at Stn 3 (Fig. 2) agrees with the 
scheme suggested for a vertical circulation of the Li- 
guro-Provencal sea front (Boucher et  al. 1987): the high 
values of MPH observed 300 m deep at Stn 3, 418 m 
deep at Stn 2 and 450 m deep at Stn 1 could be 
indicative of the downwelled water mass due to frontal 
circulation and may constitute a nutritional source for 
midwater communities at Stns 1 and 2. The second 
peak observed at 600 m (Stn 3) and the high value of 
MPH at 680 m (Stn 4) could indicate deep closure of the 
offshore convection cell or diffusion and sedimentation 
of living and non-living particles downwelled by the 
frontal circulation in the weakly stratified water mass 
(Fig. 2). As the deep closure flow cannot be measured 
directly by conventional methods such as with current 
meters or by the use of tracers, we suggest that the 
midwater larvaceans can be considered as indicators of 
layers rich in organic matter, and in the case described 
above, indicate the deep closure of the secondary cir- 
culation cell. 

Karl & Knauer (1984), analyzing sediment trap data 
from northeast Pacific, found midwater layers conta~n- 
ing high concentrations of suspended particulate mat- 
ter. They suggested that the accumulation of organic 

matter is the result of in situ metabolic activity, but the 
question concerning the source of carbon supporting 
this activity remained open. 

The slow sinlung rate of small particles and the 
strong vertical stratification of marine snow and pico-, 
nano- and microplankton lead us to conclude that the 
existence of midwater filter-feeder populations in the 
hgurian frontal zone is closely related to an downward 
convective flux of organic matter from subsurface lay- 
ers to midwater depths. The population of the new 
mesopelagic larvacean Oikopleura d a f r a n c a e  is 
associated with this persistent convergent flow which 
produces localized concentrations of food particles. It is 
not yet clear if the population dynamics of this new 
species are controlled exclusively by the frontal struc- 
ture. 
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