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Cruises and UVP characteristic uses for all profiles.

Cruises Dates Profiler type Camera Minimum size of aggregate
POMME 1 31 Jan 01-24 Feb 01 PVM 2¢ 24 mm 89 mm
POMME 2 23 Mar 01-13 Apr 01
POMME 3 25 Aug 01-12 Sep 01 PVM 4 8 mm 200 mm

25 mm 60 mm

found that the two systems had similar spectra for
aggregates larger than 110 mm and smaller than 1 mm.
To estimate the masses and fluxes of aggregates, we
converted the aggregate individual sizes to mass, and the
mass to flux using empirical equations given by Alldredge
and Gotschalk (1988) and confirmed by Alldredge (1998).
They found that in the epipelagic zone the mass of
aggregates is a function of the equivalent spherical diameter
regardless of their origin or season of collection. Therefore,
we used the same algorithm to compute the mass and flux
of each aggregate. Our estimates may be in the lower range
of possible values because the algorithms we used tend to
underestimate the settling speed (see Fig. 2 in Stemmann et
al. 2004). Mass and flux were summed over each 5-m
interval to provide total mass and flux in 5-m steps over the
0- to 1,000-m water column and for all seasons.

Using the hydrographic data from the CTD SBE911, the
mixed layer depth (MLD) was computed as the depth at
which water density exceeded the surface density by
0.02 kg m 3 (Claustre et al. 2005). Pigments were measured
by high-pressure liquid chromatography using water
collected from Niskin bottles mounted on the rosette.
These data were used to determine the amount of
chlorophyll @ (Chl a) in three phytoplankton classes,
according to methods described by Claustre et al. (2005):

microphytoplankton (20 mm, fucoxanthine peridinin),
nanophytoplankton (2-20 mm, 19 -hexanoyloxyfucox-
anthin 19 -butanoyloxyfucoxanthin  alloxanthin), and
picophytoplankton ( 2 mm, total Chl »  zeaxanthin).
Transformation from pigments to chlorophyll was per-
formed with the empirical equations used by Claustre et al.
(2005). The fluxes calculated from the UVP were compared
with those measured at 400 and 1,000 m in the sediment
traps at four locations (Guieu et al. 2005).

To synthesize all the information on the distribution of
particulate matter (mass, flux), phytoplankton, and phys-
ical data, we used horizontal and vertical two-dimensional
maps. The primary drawback of such maps is that they mix
spatial and temporal variability. One should be aware of
this when examining connections between data geograph-
ically close to each other but separated in time. Because the
ship followed different routes during the three cruises, the
coordinates (distance, depth) in the vertical maps do not
necessarily correspond to the same geographical locations.

Results

Hydrological context—Horizontal field: Geopotential
anomalies at 300 m calculated from hydrographic data
(Fig. 3) illustrate the locations and sizes of the mesoscale
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Fig. 3. Geopotential anomalies at 300 m calculated from hydrographic data during (A)

winter, (B) spring, and (C) summer calculated from the sampling grid. The open squares represent
the locations of the UVP profiles. The black circles represent the positions where high stocks of
aggregates were observed in the mesopelagic layer during winter and spring. These positions
correspond to the locations where the 400-800-m integrated concentrations exceeded five times
the surrounding integrated concentrations. These calculations were not performed for the
summer cruise because of the lack of data deeper than 500 m.
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features encountered during our study. These geopotential
anomalies have been compared with the sea surface height
(SSH) and by assimilating the SSH in a model (Paci et al.
2005). The other maps do not challenge the general feature
inferred from the hydrographic data. The  55.5 km
sampling grid allowed the description of only the largest
anticyclonic (Al, A2, and AS5) and cyclonic eddies (C4 and
C5). Among them, some had deep roots (1,000 m) and
some persisted (Al, A2, and C4) during the three cruises,
although all the eddies presented a southwestward drift (Le
Cann et al. 2005).

During winter (Fig. 3A), the cold core cyclonic eddy C4
was centered at 42uN, 19UuW (approximate core diameter,
100 km). The western border of C4 was in contact with
anticyclonic eddy AS5. The eastern border of C4 was in
contact with anticyclonic eddy Al located at 43.5uN,
17.5uW. The core of eddy Al had a diameter of
approximately 50 km. The southern border of C4 was in
contact with another warm core anticyclonic eddy, A2. Its
inner core was located near 40uN, 19uW, and had a 60-km
diameter. In addition, the northern and eastern borders of
anticyclonic eddy Al were in contact with one cyclonic
eddy C5, which was only partially covered by our sampling.
During the spring cruise (Fig. 3B), the cyclonic eddy C4
was located around 42uN, 19.5UW. High current velocities
were observed along the eastern border of C4, which are
presumed to be associated with the frontal zone, as was the
case during winter. At 43uN, 18uW, the anticyclonic eddy
Al was observed with a 50-km core diameter. Anticyclonic
eddy A2 was observed around 40uN during spring.
Mesoscale activity was less intense during summer
(Fig. 3C) and eddies were less marked. Anticyclonic eddy
A1l was located in the northeastern part of the study area
(44uN, 18uW).

Vertical field: The frontal structure is clearly visible in
the winter horizontal density field transitions from
low ( 26.9) to high ( 26.9) density values (Fig. 4A,D).
The main frontal structure (between 41UN and 42uN)
was crossed on all the north-south transects (between Sta.
1006 and 1008, 1024 and 1027, 1036 and 1041, 1047 and
1051, 1060 and 1063, 1068 and 1069). During spring
(Fig. 4B,E), the sampling grid was modified to follow
eddies, and fewer north-south transects were performed. As
a consequence, the front was clearly crossed only three
times (between Sta. 2006 and 2009, 2025 and 2028, 2040
and 2042). During summer (Fig. 4C,F), the density front
was more difficult to observe due to pronounced vertical
stratification.

A clear seasonal variation was observed in surface
density with the establishment of stratification during
spring (Fig. 4B,E). MLD extended deeper in the northern
area during winter (143.6 6 57 m), whereas in the southern
area it reached 124.1 6 45 m (Fernandez et al. 2005).
During spring, a general decrease in MLD was observed,
but average values were slightly greater in the southern area
(96.25 6 40 m; Fernandez et al. 2005). The shallowest
MLDs and the smallest difference between the northern
and southern areas were observed during summer, when

the MLD varied between 27.8 6 9 m in the south and 28.44
6 10 m in the north.

The mode water (defined by density 1,026.95 kg m 3;
Memery et al. 2005), formed in the northern area of the
sampling zone, was most evident during summer between
200 and 500 m. In winter and spring, the deep boundary
was observed around 400 m whereas the upper limit
sometimes reached the surface.

Seasonal variability in the vertical profiles of aggregates—
Median vertical distribution of the calculated masses of
aggregates in the study area is shown in Fig. 5 for the three
seasons. There was a consistent seasonal variation between
periods. Within one cruise, the relative variability was low:
the range of error expressed as the first and third quartile
was 7% to 61% for winter, 4% to 57% for spring, and 1% to
55% for summer. The vertical mean variation was 29%,
18%, and 15%. In the 0-200-m layer, aggregate masses
were highest during spring (100-120 mg dry wt m 3) and
lowest during summer and winter (1-10 mg dry wt m 3). In
the deeper layers, down to 1,000 m, the seasonal pattern
was different with concentrations higher in spring and
summer, and lowest in winter (e.g., at 800 m, 5-10 mg dry
wt m 3 in spring and summer, 1-5 mg dry wt m 3 in
winter). During spring, a small midwater increase of
aggregate concentration was observed between 300 and
600 m. In contrast, a clear minimum was observed between
300 and 500 m in summer.

Temporal and spatial changes in vertical distributions
of aggregates—Spatiotemporal changes in aggregates
showed high variability within cruises, although a seasonal
pattern could clearly be observed (Fig. 6). The highest
concentrations in the water column occurred in spring and
the lowest in winter and summer. The timing of aggregate
increase and removal can be determined by examining the
8 mg dry wt m 3 isomass. This concentration was chosen
because winter deep mesopelagic aggregate concentrations
never exceeded this value. Hence it may be considered as
the reference prebloom concentration. In addition, it
showed less within-cruise vertical variability than does
a smaller isomass contour. If we assume that the source of
particles was located in the surface productive zone and
that the average concentration of aggregates in the
mesopelagic layer before the start of the productive season
was 8 mg dry wt m 3, then the deepening of this isomass
from 149 (6103) to 642 (6171) m from ecarly February
(beginning of winter, Fig. 6A,D) to mid-March (beginning
of spring, Fig. 6B,E) yields a bulk settling speed of roughly
10 md ! for aggregates 110 mm. However, this calcula-
tion represents the settling speed of the bulk export, and
should be taken with caution because aggregate mass
distributions varied widely in space and time.

Surprisingly, we found that the mesopelagic layer was
very heterogeneous, with zones where the concentrations of
aggregates remained high as deep as 1,000 m in winter
(Fig. 6D; Sta. 1011, 1024, 1028, 1044, 1055, and 1069) and
at least as deep as 500 m in spring (Fig. 6E; Sta. 2005, 20006,
2020, 2058, 2060, 2071, and 2080) and summer (Fig. 6F;
Sta. 3002, 3020, 3048, and 3074). In these zones, the
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Fig. 6. Three-dimensional maps of seasonal changes in the vertical distribution of aggregates in (A) winter, (B) spring, and (C) summer, and
vertical sections of aggregate distribution along the ship tracks in (D) winter, (E) spring, and (F) summer, inmgdry wtm 3. The station numbers where
the UVP was deployed are given above each section. The color scale emphasizes variability at the lower end of the concentration range. The depth of the
isomass of aggregates 8 mg m 3is given by the white line. The ship tracks are given on the maps on the left of each section. The continuous and dotted
lines on each map are repeated under each section in order to help the reader to localize it. The arrows point to the start of the track.
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Fig. 7.

Vertically integrated concentrations of aggregates as a function of vertically

integrated Chl a in three phytoplankton groups during the different cruises for the 0-200-m layer.

on the size structure of primary producers. This is
consistent with the common assumption that very small
phytoplankton cells do not generally lead to large
aggregates (e.g., Legendre and Le Févre 1995), the same
should be true for nanophytoplankton. The absence of
correlation between total Chl ¢ and aggregates in summer,
despite the microphytoplankton being correlated with
aggregates, could have resulted from a low contribution
to total Chl a ( 10%; Claustre et al. 2005). In spring, the
doubling of their contribution (20% of total Chl a; Claustre
et al. 2005) may have triggered the formation of large
aggregates.

Chronology of the accumulation and disaggregation of

aggregates in the mesopelagic zone—From the deepening of
the 8§ mg dry wt m 3 isomass between February and
March, we estimated a bulk settling speed of 10 md !
for aggregates 110 mm. This average settling speed is
consistent with previous works (reviewed in Stemmann et
al. 2004) and is on the same order of magnitude as the
estimates made by Stemmann et al. (2002) obtained from
the chronology of aggregate export in the northwestern
Mediterranean Sea. However, the bulk settling speed is to
be taken with caution because it is an average over a wide
range of aggregate sizes and chemical compositions, and
therefore settling speeds. Furthermore, the observed
mesoscale patterns in the mesopelagic distributions of
aggregates suggest that the settling speed varied greatly in
the study area.

During the summer cruise there were fewer aggregates in
the water column than during spring down to 700 m but

Spearmen correlation coefficient between integrated
aggregate concentrations and integrated pigment concentrations
in the 40-60-m layer.

Winter Spring Summer
Total Chl a 0.10 0.45* 0.32
Microphytoplankton 0.12 0.60" 0.40"
Nanophytoplankton 0.12 0.12 0.27
Picophytoplankton 0.08 0.03 0.10

*p 0.01.

not below that depth (Fig. 5). This suggests that the
signature of the spring bloom (March—April) was preserved
in the deep layers late in summer (August-September). A
fraction of aggregates may have had a very low settling
speed. In contrast, most aggregates had disappeared from
the upper mesopelagic layer during summer. Hence, a small
part of the stock of aggregates was stored for several
months in the midmesopelagic layer before being removed.
This observation is consistent with the observations by
Gardner et al. (2000) who showed that in the mesopelagic
layer of the Ross Sea there were more aggregates in the late
summer—autumn period than in early spring, and that this
matter may have consisted of slowly sinking aggregates
that did not reach the bottom of the mesopelagic layer until
late in the season.

Comparisons with sediment traps—The potential fluxes
calculated from the UVP data at 400 and 1,000 m are on
the same order of magnitude as the estimates from
sediment traps corrected for trapping efficiency at the
same depths, especially in winter and spring (Guieu et al.
2005). The sediment trap data were corrected using trap
efficiencies of 20% to 50% obtained by comparing the
thorium-230 flux in the trap with the thorium-230 pro-
duction in the overlaying water column. Moreover, the
seasonal trends of UVP and trap data were similar at the
two depths (Fig. 9). The standard deviation of the UVP
flux reflects spatial and temporal variability.

However, the UVP flux is much higher than the trap flux
in summer at 1,000 m, and to a lesser extent at 400 m. If we
assume that the trap corrected fluxes are correct, the use of
a constant conversion factor between aggregate size and
mass may explain the overestimation by the UVP. The
constant conversion factors have been defined for relatively
fresh aggregates loaded with diatom skeletons (Alldredge
and Gotschalk 1988), whereas the chemical properties of
aggregates changed through time over the three cruises.
Indeed, from spring to summer, the carbonate and opal
fraction decreased (from 70% to 60% and from 15% to
10%, respectively) and the organic fraction increased (from
16% to 26%) so that the ballasting effect was probably
lower in summer (Guieu et al. 2005). Therefore, similar
sized aggregates must have settled more slowly in summer









