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ABSTRACT

The distribution of transparent exopolymer particles (TEP) was investigated
during a coccolithophorid bloom in the northern Bay of Biscay (North Atlantic
Ocean) in early June 2006. MODIS chlorophyll-a (Chl-a) and reflectance images
before and during the cruise were used to localize areas of important biological
activity and high reflectance (HR). TEP profiles along the continental margin,
determined using microscopic (TEPmjcro) and colorimetric (TEPcor) methods,
showed abundant (6.1 x10°-4.4x10’L"') and relatively small (0.5-20pm)
particles, leading to a low total volume fraction (0.05-2.2ppm) of TEPnico and
similar vertical profiles of TEP,.. Estimates of carbon content in TEP (TEP-C) derived
from the microscopic approach yielded surface concentration of 1.50 umol CL™% The
contribution of TEP-C to particulate organic carbon (POC) was estimated to be 12%
(molar C ratio) during this survey. Our results suggest that TEP formation is a probable
first step to rapid and efficient export of C during declining coccolithophorid

blooms.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

During the last 15 years, many field studies have
pointed out the importance of exopolymer substances
(EPS) in natural systems (Passow, 2002; Wotton, 2004). A
large fraction of EPS consists of carbohydrates that
are released during and after phytoplankton blooms
(Myklestad, 1995). Because of their physico-chemical
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characteristics, EPS are able to stick to each other and
form networks of fibrils (Leppard, 1995) or colloids
(Kepkay, 1994). They are thereby transferred from the
dissolved to the particulate organic matter pool. Trans-
parent exopolymer particles (TEP) merge the two proper-
ties of (1) being retained onto 0.4 um membrane filters
and (2) being stainable by Alcian Blue, a specific dye for
acidic (-COO™) or sulphated (-O-SO3) reactive groups of
carbohydrates (Alldredge et al., 1993). Several studies
indicate that TEP are natural constituents of the bulk
particulate matter in marine (Passow and Alldredge,
1995b; Mari and Kiorboe, 1996; Krembs and Engel,
2001; Garcia et al.,, 2002; Engel, 2004; Brussaard et al.,
2005; Radic et al., 2005; Shackelford and Cowen, 2006;
Prieto et al., 2006; Sugimoto et al., 2007) and freshwater
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(Logan et al, 1995; Grossart et al, 1997; Berman
and Viner-Mozzini, 2001; Arruda-Fatibello et al., 2004)
ecosystems. Most of the field sites where TEP have been
described so far were dominated by diatoms, dinoflagel-
lates or cyanobacteria.

However, nutrient-induced blooms of Emiliania huxleyi
in mesocosms suggested that coccolithophores could also
be responsible for high concentrations of TEP (Engel et al.,
2004). The dynamics of such an induced E. huxleyi bloom
may be extrapolated to the field to some extent. As
described in this mesocosm study, phytoplankton blooms
start with an exponential phase during which cell division
occurs under nutrient-replete conditions (Delille et al.,
2005; Engel et al., 2005). The exhaustion of nutrients
coincides with the beginning of the stationary phase.
Cell division is then considerably reduced while large
amounts of coccoliths are still produced by the cocco-
lithophores. During the stationary phase, the cells are
generally covered by several layers of coccoliths and the
distal ones are released into the water column when new
ones are produced (Paasche, 2002). This phase is often
associated with the decay of the bloom, when high
abundance of E. huxleyi coincides with those of viruses,
enhancing viral infection and bloom termination
(Catsberg et al., 2001; Jacquet et al., 2002). The persistence
of coccolithophorid blooms after nutrient exhaustion is
haphazard and patchy in natural environments.
The release of large amounts of coccoliths, in particular
by E. huxleyi (Paasche, 2002), modifies the optical
properties of surface seawater and leads to high reflec-
tance (HR) patches that can be observed by remote
sensing (GREPMA, 1988; Holligan et al., 1983, 1993a;
Brown and Yoder, 1994).

Excess carbon production compared to what is ex-
pected according to Redfield’s stoichiometry was pointed
out in phytoplankton blooms during mesocosm experi-
ments (Engel et al., 2002, 2005; Delille et al., 2005). Using
a modelling approach based on mesocosm observations,
Schartau et al. (2007) established a link between the
excess of dissolved inorganic carbon (DIC) uptake (termed
carbon over-consumption) and the rapid formation of
TEP-C through dissolved organic carbon (DOC) exudation
by phytoplankton after nutrient exhaustion. Thus, in the
stationary phase, carbon cycling is uncoupled from
nutrient availability because of continuous production
and release of organic carbon by the cells. Because TEP
have high C:N ratios (Mari, 1999; Engel and Passow, 2001;
Mari et al, 2001), they are thought to contribute to
particulate organic carbon (POC) rather than to the
particulate nitrogen pool and can therefore increase C:N
ratios of the particulate organic matter (POM).

This study investigated the contribution of coccolitho-
phores to the TEP production, the pattern of TEP
concentrations and the size distribution during a cocco-
lithophorid bloom in the northern Bay of Biscay (North
Atlantic Ocean, early June 2006). Chemical and biological
parameters as well as remote sensing images are included
in order to better describe phytoplankton bloom dy-
namics. Here, we present TEP profiles at different stations
in the northern Bay of Biscay and estimate the contribu-
tion of TEP to POC.

2. Materials and methods
2.1. Study site and field sampling

The continental shelf of the northern Bay of Biscay
is located south of Ireland and west of France, where a
steep slope separates the abyssal plain from the
continental plateau (Fig. 1). Samples were collected
between 31 May and 9 June 2006. Images from the
NASA Moderate Resolution Imaging Spectroradiometer
(MODIS) instrument onboard the Aqua platform were
processed in near-real time and sent via e-mail to the
research vessel. Chlorophyll-a (Chl-a) concentration was
computed using the MODIS OC3 band switching algo-
rithm (see O'Reilly et al., 1998). False colour composites
were produced from the 443, 490 and 551 nm channels
displayed as the red, green and blue components of a
colour image. These reflectance images show the approx-
imate “colour of the ocean” and the magnitude of
coccolithophore scattering as blue-white areas (Holligan
et al., 1983). The Chl-a images revealed two zones in terms
of phytoplankton biomass (Fig. 1a). In the western zone,
Chl-a was low, while in the eastern part corresponding to
the continental shelf and margins, Chl-a levels were
higher, indicating enhanced biological activity. HR was
mainly observed inshore of the 200m isobath, the
bathymetric boundary between the open ocean and the
continental plateau (Fig. 1b), except south of 48.3°N where
HR extended over the slope.

Sampling stations (Fig. 1) were located at the con-
tinental margin over the continental shelf (stations 1, 4, 7
and 8) and along the shelf-break, situated at about 500 m
(stations 2 and 5) and 1200 m depth (stations 3 and 6). A
HR patch was localized by remote sensing at stations 4, 5,
7 and 8 and was sampled with adjacent stations (Fig. 1b).
The cruise was split into two legs (first leg: 3 days, second
leg: 4 days). During the second leg some stations (1 and 4)
were revisited after 9 and 6 days and are referred to as
stations 1bis and 4bis, respectively.

A Seabird CTD system, equipped with a 12 Niskin
bottle (10 L) rosette sampler, was used to determine depth
profiles of temperature and salinity, and to collect
seawater for chemical and biological analyses. At each
station, water was collected in the morning at 3, 10, 20, 40,
60, 80, 100 and 150 m depths. Some additional depths
(30, 50 and 120 m) were also sampled in the surface layer
for some stations. All samples were processed onboard
immediately after sampling.

2.2. Chlorophyll-a (Chl-a) and diagnostic pigments

The concentration of Chl-a was determined from
250 mL seawater filtered onto glass fibre filters (Whatman
GF/F) under low vacuum, wrapped in aluminium foil and
stored at —20°C until analysis. Pigment extraction was
realized in 10mL of 90% acetone. Filters were kept
overnight in the dark at —20°C and were centrifuged for
10 min at 5000 rpm at 4°C prior to measurement. Chl-a
concentration was determined fluorimetrically (Shimatzu
RF-1501 spectrofluorophotometer), together with total
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Fig. 1. Locations of the sampling stations along the 200 m (stations 1, 4, 5 and 8) and 2000 m (stations 3 and 6) isobaths superimposed on MODIS images
of Chl-a (left) and reflectance (right) satellite images on 1 June 2006 (a, b) and on the 5 June 2006 (c, d) in the northern Bay of Biscay. The Chl-a
concentrations are graphically represented by the gradient from violet to red (with units mg Chl-am~3). The high reflectance patches are represented by

the brighter blue-white areas on the reflectance images.

phaeophytin concentration after acidification (HCI, 0.1 N),
according to Yentsch and Menzel (1963).

Separation of the algal pigments was performed
using a high performance liquid chromatographic (HPLC)
method based on Wright and Jeffrey (1997). Between 0.5
and 3.5L of **seawater were filtered through glass fiber
filters (Whatmann GF/F). The filters were stored in liquid
nitrogen onboard until analysis. Extraction of the pig-
ments was performed in a 90% aquaeous aceton solution.
Standard pigment mixtures were run together with the
samples to allow identification and quantification of
the detected pigment peaks in the chromatogram. The
analysis of the diagnostic pigments for coccolithophores

(19’-hexanoyloxyfucoxanthin, HexaFx) and diatoms
(fucoxanthin, Fx) allowed the computation of the
HexaFx:Fx ratio to assess the relative contribution of
coccolithophores to the phytoplankton pool (Barlow et al.,
1993, 1998). Higher values of this ratio indicate higher
contributions of coccolithophores in the phytoplankton
pool.

2.3. Dissolved phosphorus

Dissolved phosphate concentration was measured
colorimetrically after filtration through a 0.4pm
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Nuclepore filter, using the molybdate blue method
described in Grasshoff et al. (1983). The detection limit
is 10 nM using a 10-cm optical cell.

2.4. Particulate organic carbon (POC)

Seawater (200-2000 mL) was filtered through precom-
busted (4 h, 500 °C) GFJF filters. The samples were stored
at —20°C until analysis. Within 3 months after the cruise,
the filters were dried overnight at 50 °C prior to analysis.
POC was determined using a Fisons NA-1500 elemental
analyser after carbonate removal from the filters by HCl
fumes overnight. Four to five standards of certified
reference stream sediment (STSD-2) from the Geological
Survey of Canada, together with 3-4 blank filters, were
used for the calibration. POC was sampled down to 80 m
for stations 4 and 4b, 100 m for station 1, 120 m for station
1bis, 150 m for stations 7 and 8 and down to 540 m for
station 2 (of which only the uppermost 150m are
presented). No data were obtained for 30, 40 or 60m at
station 1 because of technical problems during the
analysis.

2.5. Transparent exopolymer particles (TEP)

2.5.1. Colorimetric determination of TEP (TEPeor)
Triplicates of 5-250mL each were filtered
(<200mbar) onto 25mm Nuclepore membrane
filters (0.4 um pore size) for the colorimetric determi-
nation of TEP (TEPc:), according to Passow and
Alldredge (1995a). The filters were stained with 0.5 mL
Alcian Blue (Alldredge et al., 1993) and stored frozen
at —20°C and analysed within 6 weeks. Prior to spectro-
photometric analysis (787nm in a 1cm path-length
cell), the filters were soaked for 2h in 80% H,SO,4.
Light absorbance was corrected for the adsorption of
Alcian Blue on blank filters. TEP o iS given in relative

Table 1

Maximum values in the upper 160 m of some parameters for each station.
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units, i.e. in % of the highest absorbance at each station
(Table 1).

2.5.2. Microscopic determination of TEP size spectrum

Microscopic analysis of TEP was conducted after Engel
(2009). Samples of 5-200mL of seawater were filtered
(<200 mbar) onto 0.4pum Nuclepore filters within 1h
after sampling and stained with 0.5 mL Alcian Blue (pH
2.5) (Alldredge et al., 1993). The filters were prepared in
duplicate, placed onto semi-permanent TEP slides (Cyto-
Clear) and stored frozen at —20°C until analysis. TEP
slides were transferred to a compound light microscope
and screened by a digital AxioCam HRc camera (Zeiss)
with a 200-400 x magnification. About 30 pictures per
filter were randomly taken in a cross section. The
composite pictures were split into red, green and blue
components (RGB Split) using the image analysis program
WCIF Image] (a public domain program developed at the
US National Institute of Health—http://www.uhnresearch.
ca/facilities/wcif/fdownload.html—courtesy of Wayne
Rasband, National Institute of Mental Health, Bethesda,
MD, USA). The red segment accentuates the blue-stained
TEP and was used for further analysis. TEP with an area
larger than 0.2um? were enumerated and sized for
individual area and major cross section. The equivalent
spherical diameter (ESD) was calculated for individual
particles from area measurements, leading to a range of
0.5-80 um (ESD).

TEP were classified according to their ESD
into 20 logarithmic size classes (Mari and Burd, 1998).
TEP size distributions were described using a power-law
of the type dN/d(d,) = kd,f, where dN is the number of
particles per unit volume in the size range d, to
|dy + d(dp)|. The constant, k, depends on the concentra-
tion of particles and the spectral slope, 6 (with 6<0),
describes the size distribution. Both constants were
derived from regressions of log|dN/d(dp)| versus log|d, |.
d is related to the slope of the cumulative size distribution

Stations Date Z1% Chl-a max POC max TEPcolor Area Abund. Conc. TEP-Chicro
(lTl) (“-g L_l) (HM) (AbS) per L TEPmicro TEPmicro TEPmicro (]J.lTlOl C L_l)
of SW (um?mL~!)  (mL7!) (ppm)
1 2006-05-31 30 1.49 11.7 410 11.6 43.71 x10° 2.22 5.25
1bis 2006-06-09 37 0.89 17.3 21.72 49 15.40 x 103 0.98 2.05
2 2006-06-01 31 2.01 14.8 31.67 2.8 9.67 x 10° 1.08 1.57
3 2006-06-01 1.47 n.d. 7.55 3.2 6.86 x 10° 0.33 0.78
4 2006-06-01 26 1.46 16.0 1.79 3.2 6.23 x 10° 1.30 1.63
4bis? 2006-06-08 27 1.33 11.2 8.17 241 2.02 x 103 1.47 2.42
5 2006-06-02 1.3 n.d. 1.41 n.d. n.d. n.d. n.d.
6 2006-06-07 1.62 n.d. 14.93 n.d. n.d. n.d. n.d.
72 2006-06-07 26 1.43 24.6 493 37.3 18.92 x 103 0.87 1.85
8? 2006-06-06 34 0.8 14.6 2.10 1.3 6.13 x 10° 0.47 0.68

The thickness of the photic zone refers to the depth at which 1% of the incoming PAR is measured (Z;5). Chl-apax (Lg L™!) and POCpp,.x (umol L) represent
the highest levels of Chl-a and POC per profile. The values of the maximum of absorbance at each station (normalized per liter of seawater) are quoted as
TEPco1or (Abs) for the colorimetric determination of TEP (TEPcjor). The following columns present the maxima of total area (um? mL™"), abundance (mL™")
and carbon content estimate (mol CL™') of the TEPpcro.n.d., parameter not determined.

2 Stations located within the HR patch.
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N = adpﬁ by 6 = p+1. Spectral slopes were used to
describe the TEP size distribution, an increase in
J being due to an increase of the fraction of large TEP.
The volume concentration is defined here as the mean
volume of the particles that belong to a size class in
the sample; changes of this quantity indicate some
changes in the dynamics of particles due to aggregation/
disaggregation processes.

2.5.3. Estimation of TEP carbon concentration (TEP-C)
TEP-C content (TEP-Cpicro, M) was assessed by the
microscopic approach assuming that the volume of TEP is
proportional to P, where r is the equivalent spherical
radius in pm and D the fractal dimension associated with
the size distribution of particles. Therefore TEP-C yjcro Was
determined from TEP size spectra according to Mari
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(1999). For each sample, D was deduced from the spectral
slope, 6, according to the semi-empirical relationship
(Burd and Jackson, unpublished data, as referred to in
Mari and Burd, 1998)
D = (64 -0)/26.2 (1)

Thus, TEP-Cpico Was derived from the histogram
distribution, according to

a
TEI:"Cmicro = ﬁ Z niriDv (2)
i

where n; is the concentration of TEP in the size class i and
r; the mean equivalent spherical radius of this size class.
The constant, a = 0.25 x 10~°ugC, was determined by
Mari (1999).
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Fig. 2. Vertical profiles of temperature and phosphate concentration (PO,4) in the upper 160 m over the continental shelf (stations 1, 1bis, 4, 4bis, 7 and 8)
and over the slope (stations 2, 3, 5 and 6). Grey symbols represent the revisited stations; PO, concentrations were similar at the revisited stations 1bis and
4bis (superposed dots). For this figure and the following ones, the organization of the stations on the chart follows the geographic localization of the
stations (stations 8, 7,4 and 1 are located on the shelf and stations 5, 2, 6 and 3 are located on the slope), as represented in the inner box showing station
names and the bathymetry of the area.



1256
3. Results
3.1. Hydrography

Vertical distributions of temperature revealed that sea-
surface temperatures ranged between 13.0 and 14.0°C
during the first leg (stations 1-5) and increased up to
14.9 °C during the second leg (stations 6, 7, 8, 4bis and
1bis) (Fig. 2). They also show that the upper water
column over the continental shelf can be divided into 3
distinct parts: (i) a thin surface mixed layer of 10m,
(ii) an intermediate layer displaying a strong vertical
gradient and (iii) a homogeneous cold deep layer below
60m (11.4°C).

The smaller temperature gradient on the continental
slope suggests input of a cold, deeper water mass
in the upper 25-35m, which corresponds to the
photic zone (see below). This induced a mixing of the
upper layer of the water column. Between the two legs,
warming of the surface layer deepened the vertical

0 1 2 3

St7
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temperature gradient down to 50 m depth at the stations
1bis and 4bis. Salinity stayed within a narrow range of
35.5-35.6 down to 800 m depth at the deepest station 6
(data not shown).

Dissolved phosphate concentration was on average
0.49+0.04 uM (average +standard deviation; n=7) at
150 m depth, while PO, was depleted in surface waters
(Fig. 2). Compared to the slope, the continental shelf was
more PO, depleted, and the concentrations in the upper
10 m ranged between 0.01 and 0.05 puM. Higher surface
concentrations of phosphate were observed for the shelf-
break (0.08-0.16 uM), where the surface layer only
occasionally fell below 0.05uM (station 6) during the
second leg (Fig. 2).

3.2. Chlorophyll-a and reflectance
Satellite images showed surface Chl-a concentrations

(Fig. 1a and c) and several HR patches (Fig. 1b and d)
distributed inshore of the 200 m isobath, the bathymetric
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Fig. 3. Vertical profiles of chlorophyll-a (Chl-a) concentration (ug L~") (black dots) and relative contribution of the coccolithophorid biomass (crosses), as
represented by the ratio of the diagnostic pigments for coccolithophores (19'-hexanoyloxyfucoxanthin, HexaFx) and diatoms (fucoxanthin, Fx) on the
lower scale. Station 5 was not sampled for diagnostic pigments concentrations. Grey symbols represent the revisited stations (1bis and 4bis).
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boundary between the open ocean and the continental
shelf of the northern Bay of Biscay, in June 2006.
The comparison of MODIS (Fig. 1a and c) and reflectance
(Fig. 1b and d) images revealed changes in phyto-
plankton biomass in the southern HR patch (stations 4,
7 and 8) between the two legs. An overall decline in
surface Chl-a concentration was observed between the
two periods at the revisited stations. At stations 4bis, 7
and 8 this decline was associated with an increase
in reflectance.

Sea-surface Chl-a concentration ranged between 0.5
and 2.0pgL™' (Fig. 3). The highest concentration was
determined at station 2, where the concentration in
the photic zone (ranging between 25 and 37 m depth
based on light measurements) exceeded 1.5ugL~'. The
vertical profiles over the continental shelf showed
higher Chl-a concentration at intermediate depth
situated between 20 and 40 m, which decreased strongly
down to 80m. At stations 1bis and 4bis, 9 days and
6 days, respectively, after the initial visit, Chl-a concen-
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trations in surface waters decreased, respectively, by 0.6
and 0.2 gL~ As inferred from Chl-a concentration and
pigment composition (Fig. 3), the mixed phytoplankton
community was dominated by coccolithophores at
stations 1, 2 and 3.

3.3. POC

The highest concentrations of POC were observed
within the upper 20m of the water column, ranging
between 10 and 15uM and reaching up to 25uM at
station 7 (Fig. 4). Concentrations were lower than 2.5 uM
below 20 m depth, except for station 1, where a concen-
tration of 7.7 uM was determined a few meters above the
sea-bottom, which may be linked to resuspension of
sediments. At station 4bis, POC concentration in the water
column was significantly less than at other stations. No
significant difference in POC concentration was observed
between station 1 and 1bis.
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Fig. 4. Particulate organic carbon (POC) concentration (umol CL™") (black dots) and TEP-Cpjcro estimates (umol CL™!). Grey symbols represent the
revisited stations (1bis and 4bis). Stations 3, 5 and 6 were not sampled for POC; stations 3 and 5 were not sampled for TEP-C.
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3.4. Concentration and size distribution of TEP

3.4.1. TEPo0r

The vertical profiles of relative TEP.yo absorbance
exhibited strong variations, achieving maximum values
(100%) in the surface or subsurface layer (Fig. 5). A general
decrease of absorbance was observed from surface to
depth, showing similar vertical distribution patterns as
Chl-a and POC. The lowest absorbance (normalised for 1L
of seawater) was observed in the deepest samples and
ranged between 9% and 14.5% below 150 m (not shown).
In contrast, the upper 40m exhibited more variable
values.

3.4.2. Concentration and size distribution of TEPpicro

The microscopic determination of TEP allowed for their
enumeration and classification into size classes, based on
their equivalent spherical diameter (ESD). The size
frequency distribution of TEP showed a dominance

(>90%) of particles smaller than 20 um (ESD) in surface
waters. Fig. 6 is a three-dimensional representation of the
vertical distribution of TEP o Volume concentration (in
pum3mL~'pum™1) as a function of the size of particles in
the water column. The larger particles ranged between 20
and 30pum and were abundant in the upper part of the
water column. Their concentration strongly decreased
with depth to become insignificant below 80m. The
coincidence of abundant large and small particles in the
first 30 m (i.e. the upper mixed layer) can be considered as
the result of the assembly of lager particles from smaller
ones by aggregation. Therefore, the snapshot of this
station 8 likely represents the different steps of the
formation of TEP from their small precursors, formed by
coagulation of phytoplankton exudates, to larger particles
formed by the aggregation of the bulk colloidal material.

In accordance with the distribution of TEPoi0r, TEPmicro
abundance was higher in surface waters, down to 40 m
depth, ranging between 2.1 x10°mL~! and 43.7 x 103
mL~! at stations 2 and 1, respectively (Fig. 7). At greater

St8 % St7 St 4(4bis) St 1(1bis)
0 25 50 75 100
0 L 1 L 1 L 1 |! L 1 L 1 L b L L 1 L 1 L 1 L O _
(@ J o S
20 - - - -
o g ° 1 o® ¢ ] q o° ‘. | § ®e
E 60 ° 1 & 18 ° ] o o®
% 80 (] 1 @ 14 O @ 1 O ([ J
£ 100 A ° 1 e 1 0e 10 ®
120 - - _
140 A . 4 10
160 e T T T .n T T T OI. T T T T T .I T
0 25 50 75 100
TEP %ab
® abs St5 St 2
L 1 L 1 L 1 L 1 L 1 1 1 1 ‘
. ] 1. e
1 o 1 &
1 @ 1@
1 e 1®
= > Ir -'%,_/—’}e_ : 4
® (]
UK St6 St3
Lo |'| .‘ .‘ P R T TR
. e - . °
_' . .
1@ . (]
8 7 - % 1® 1 @
: e 1®
‘/\ﬁ‘\/\k’l égg _ _
0 — -
A0 m /77@(% |P T T T T |’ T T T T

Fig. 5. TEPo1or €Xpressed in % of relative absorbance compared to the maximum absorbance obtained for each station. Grey symbols represent the values
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depth the distribution was relatively uniform and in the
lower range of surface abundances. In the HR patch
(stations 4, 7 and 8), TEPjcro €xhibited concentrations in
the range of 3.3 x 103mL~! to 20.2 x 10 mL~.. An overall
2-fold increase of TEPyjcro, iN association with a decrease
of Chl-a concentration after 6 days, was observed at the
revisited stations 4bis, where concentrations ranged
between 6.7 x10°mL~! and 20.2 x 10> mL~!. However,
such an increase in TEP concentration was not observed
after 9 days at stations 1 and 1bis, despite a similar
decrease of Chl-a concentration.

A power-law relationship fitted the size distributions
of TEP very well in all cases (r*>0.9) as shown in Fig. 8.
The size distribution can be described by spectral slope, 9,
with less negative values indicating an increase with the
fraction of large particles and, potentially, TEP aggrega-
tion. In the top 40 m, J values ranged between —3 and —2
(Fig. 9). The increase of ¢ in the surface layer at the
revisited station 1bis suggests that aggregation of TEP had
taken place after an elapsed time of 9 days. In contrast, a
decrease of 6 was observed between station 4 and 4bis.
Together with an increase of total TEP abundance, this
could be attributed to the production of smaller TEP. The
fractal dimension, D, of TEP was deduced from J, and
ranged between 2.51 and 2.56.

3.4.3. TEP-C estimates

Surface concentration of TEP-Cic, ranged between
0.44 and 5.25 umolCL” at stations 4bis and 1, showing
higher concentrations above the thermocline (Fig. 4).
Except for station 1, TEP-Cpjco concentrations in the

photic zone were found to be below 2.00pumolCL™.
At greater depths, 0.75 umol CL~! was an upper limit for
TEP-Cihicro at all stations, except station 1, where the
resuspension of sediment was probably responsible for
higher TEP-C estimates close to the bottom. Low varia-
bility in TEP-C was observed at the revisited stations
(1bis and 4bis).

4. Discussion

4.1. Relationship between bloom development and
biological parameters

Based on remote sensing images (Fig. 1) and vertical
profiles of nutrients (Fig. 2) and Chl-a (Fig. 3), the
coccolithophorid bloom investigated in our study can be
split into two distinctive regions: (i) a southern part
associated with higher Chl-a and lower reflectance, where
coccolithophores were in the initial stage of the bloom
(stations 1, 2, 3 and 6) and (ii) a northern part where
increased reflectance rather suggested that the cocco-
lithophorid bloom had reached a stationary phase
(stations 4, 5, 7 and 8).

The surface waters of the study area were character-
ized by the formation of a seasonal thermocline at 50 m
depth on the continental shelf and a general warming by
1°C during the course of the cruise (10 days). Over the
shelf-break (stations 2, 3 and 5), the temperature below
the thermocline decreased continuously with depth,
suggesting the mixing of the upper layer with a deep
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cold nutrient-rich water mass. A significant (r* = 0.82,
n =96, p<0.0001) correlation was observed between
phosphate consumption and temperature, indicating a
strong control of hydrodynamics on phytoplankton activ-
ity (Wollast and Chou, 2001). The northern Bay of Biscay is
characterized by intermittent inputs of nutrient-rich deep
water to the photic layer promoted by internal waves
(Huthnance et al., 2001), enhancing and sustaining
localized biological activity in spring (Joint et al., 2001).
In the Bay of Biscay, two diatom blooms usually occur
during phytoplankton succession in spring and fall, but
diatoms remain in the phytoplanktonic community during
the spring bloom (Joint et al., 2001). Prymnesiophytes, to
which coccolithophores belong, are an important compo-
nent of the phytoplankton community in this area,
especially in spring, and persist at low densities over the
whole annual cycle (Joint et al., 2001). The accumulation
of coccoliths, the minute calcite discs produced by this
species, modifies the optical properties of surface sea-
water leading to high reflectance so that high reflectances

are traditionally associated with coccolithophorid blooms
(Balch et al., 1996). The spatial distribution of localized HR
patches on satellite images (Fig. 1b and d) suggested the
development of a coccolithophore-dominated bloom dur-
ing our study, as reported by Holligan et al. (1983, 1993a,
1993b), the GREPMA (1988), and Brown and Yoder (1994)
in the North Atlantic. The most common species that is
known to produce such important blooms is E. huxleyi
(Brown and Yoder, 1994).

Surface distributions of Chl-a and PO, suggest that
phytoplankton production has led to inorganic phosphate
depletion in surface waters. Dissolved silicates (data not
shown) remained below 2 pM in surface waters, probably
because of the uptake of this nutrient by diatoms (Egge
and Aksnes, 1992). Such a situation likely triggers
coccolithophores at the period of high irradiance (Tyrrell
and Merico, 2004), whose requirements for inorganic
phosphorus are relatively low, because their reliance on
alkaline phosphatase allows them to use organic phos-
phorus (Riegman et al., 2000).
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Fig. 8. Differential TEP size distribution at Station 1 (10m) and the
spectral slope (9) fitted to the data by a linear regression (r> = 0.99) over
the size spectrum of particles represented by the mean equivalent
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regression line corresponds to Log k.

4.2. TEP concentrations observed in the field

Microscopic enumeration and sizing of TEPmicro
(Table 1) showed abundant (6.13 x 10°mL™! to 4.4 x 10*
mL~1), relatively small (0.5-20 pm ESD) particles leading
to a low total volume concentration of TEP (0.05-2.2 ppm)
(not shown). The fractal scaling of TEP (D), deduced from
the spectral slope (Eq. (1)), was close to the value of 2.55
proposed by Mari and Burd (1998) for naturally occurring
TEP. These concentrations agreed with previous estimates
(0.76-4.1 ppm) in the NE Atlantic mixed layer (Engel,
2004) and were in the lower range (3-310 ppm) of earlier
observations in a coastal diatom bloom of the Baltic Sea
(Mari and Burd, 1998). Small variations of the spectral
slope (6) with depth and between stations suggest only
minor changes in the size distribution of particles. Hence,
TEP aggregation can hardly be assessed from size
distributions in this study. Together with the observed
increase in total TEPqico abundance at revisited stations,
the dominance of small particles may point towards TEP
production at the time of our study, rather than to massive
aggregation, which may occur in later phases of phyto-
plankton blooms. Concentrations of TEP.yr in coastal
regions range from <100 to 3000pgXeqL™! (Passow,
2002). For an open ocean transect in the NE Atlantic
surface water TEP..or concentration ranged from 40 to
120 ug XeqL~! in the top 20 m (Engel, 2004), and vertical
patterns of TEP distribution were similar to those reported
in Fig. 5. The upper and lower boundaries of TEP-C
concentration provided by Engel (2004) lead to estimates
between 30 and 89 pugCL™! and are thus in agreement
with our values determined by TEP-Cyco (Fig. 4).
Previous measurements conducted in the study area in
June 2004 revealed TEP.y, concentrations similar to
those determined by Engel (2004) (up to 120 pgXeqL™")

and averaged TEP-Cgor Was 29.0+4.2 ugCL‘1 (mean+
confidence interval at 95%, n = 54) in the surface layer
(Harlay et al., in prep.).

TEP-Cpicro cOncentrations above 20 ug CL™! were de-
termined in samples exhibiting various degrees of cocco-
lithophorid dominance, based on the HexaFx:Fx ratio of
diagnostic pigments (Fig. 3). At stations 2 and 3, where
HexaFx:Fx ratio was high, TEP-Cpco did not exceed
10 ug CL~%. Hence, no particular trend in relation with
TEP-Cihicro €Stimates in the phytoplankton assemblage
could be assessed from coccolithophorid dominance at
the time of our survey. We hypothesize that the history of
water masses in terms of phytoplankton activity and the
taxonomic composition of phytoplankton assemblages in
the different patches investigated are responsible for
this pattern.

4.3. Contribution of TEP-C to POC

The relative contribution of the TEP-C to POC was
estimated for each depth by the molar ratio of TEP-C ycro
to POC in the water column that ranged between 1.5% and
68%. TEP-Cphicro accounted for 12% of POC in the photic
zone and was slightly lower than our estimate for the
photic zone in the same area during an earlier cruise to
this study site (June 2004), where 26 +4% was observed
(TEP-Ceolor:POC, mean+confidence interval at 95%,
n=31) (Harlay et al, in prep.). The contribution of
TEP-C to POC during this coccolithophorid bloom is in
the range reported in previous studies, which indicated a
contribution of TEP-C to POC ranging between 17% and
54% (Mari, 1999; Engel and Passow, 2001; Engel, 2002).
Statistically, no significant changes were detected after 9
days at station 1.

4.4. TEP production and carbon cycling

The decoupling from inorganic nutrient of carbon
production by carbon over-consumption (Engel et al.,
2002; Schartau et al., 2007) suggests that the flux of
particulate carbon might be enhanced when TEP is
produced, rendering coccolithophores good candidates
for the export and sequestration of carbon. Several studies
have shown that the balance between TEP and solid
particles, such as cells, co-determines the efficiency of
particle coagulation and formation of macroscopic aggre-
gates (Logan et al., 1995; Engel, 2000; Kahl et al., 2008).
Particle aggregates are a major vehicle for organic matter
export to the deep ocean. Coccolithophores potentially
enhance the efficiency of organic matter export through
the addition of mineral ballast (Francois et al., 2002; Klaas
and Archer, 2002). Hence, TEP production during cocco-
lithophorid blooms may control aggregate formation and
enhance organic matter export (De la Rocha and Passow,
2007). The deposition of gelatinous detritus mixed with
E. huxleyi at the seafloor has been described by Cadée
(1985) for the North Sea. Based on the sinking velocity of
coccoliths and coccospheres, Holligan et al. (1993b)
estimated the time required for the coccolithophore
optical signature to disappear from satellite images to be
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Fig. 9. Spectral slope (6) of the TEPycro Size distributions. An increase of § corresponds to an increase of the fraction of large TEPicro. Grey symbols
represent the values at the revisited stations 4bis and 1bis. Stations 5 and 6 were not sampled for this parameter.

>200d in the North Sea. However, the effective life-time
of coccolithophorid blooms does not exceed 40d after the
optical signature appears (Holligan et al., 1993b). The
persistence of coccolithophores in waters depleted in
nutrients for 3-6 weeks and the potential production of
up to 400 coccoliths per cell with a mean delay of 2-3 h
per coccolith (Linschooten et al., 1991; Fernandez et al.,
1993) suggest that cells remain active for several weeks
after the onset of the bloom. If carbon over-consumption
can be applied to coccolithophorid physiology, one can
suspect that the significance of coccolithophores in carbon
cycling, at least of the bloom-forming species E. huxleyi,
has been under-estimated. The E. huxleyi blooms could
result in massive aggregation events that wash out the
surface waters from detritus and particles.

Our survey probably did not cover any massive
aggregation phase of the coccolithophorid bloom because
of the small size of TEP. Therefore, the contribution of TEP

in coccolithophore aggregates to the vertical export was
not quantified in this study. However, the deposition of
gelatinous detritus over the continental slope of the Bay of
Biscay has been found to occur later in the summer (de
Wilde et al., 1998: McCave et al., 2001). Pigment analysis
and scanning electron microscopy of particulate samples
in late August 1995 showed that coccolithophores were
the major contributors to this mass deposition (de Wilde
et al.,, 1998). The carbon content of the deposited mucus
layer represented 250 mmol C m~2 and covered an area of
50000km? (de Wilde et al., 1998), comparable to the
65000km? surface area of a coccolithophorid bloom at
the continental margin of the Gulf of Biscay observed in
June 2006. Since specific pigments are well preserved
together with the carbonates, this detrital mass deposi-
tion indicates a tight coupling of particulate matter export
and surface production of coccolithophores. The produc-
tion of TEP observed during the present study could
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constitute the first step within the process of coccolitho-
phore aggregation, sedimentation and seafloor deposition
in the Bay of Biscay.

5. Conclusions

The present study shows agreement between the
vertical distribution of TEP determined with the micro-
scopic (this study) and the colorimetric (Engel, 2004;
Harlay et al., in prep.) approaches. The estimates of TEP-C
obtained with the microscopic approach are comparable
to those previously obtained with the colorimetric one in
the Bay of Biscay (coccolithophorid bloom in June 2004,
Harlay et al., in prep.) and during an offshore transect at
the same latitude in the NE Atlantic Ocean (Engel, 2004).
High absorbance of particles issued from the area where
coccolithophores occurred, or had occurred in the past
history of the water mass, has been pointed out. We
suggest that during coccolithophorid blooms, the produc-
tion of TEP is also occurring, as already determined for
other phytoplankton groups (Passow, 2002) as a possible
consequence of carbon over-consumption by this taxon.
The implication of those particles for the seasonal cycling
of carbon is enhanced by the physical properties of the
water column. The formation of aggregates potentially
contributes, through the ballast of aggregates with
biogenic calcite, to efficient and rapid export of carbon
out of the photic layer and important deposition over the
seafloor. Carbon over-consumption by phytoplankton and
the subsequent transformation of the cellular releases into
TEP (Schartau et al., 2007) account for an additional sink
for carbon sequestration in coccolithophorid blooms,
where the efficiency of the carbon pump may not be
limited to the production of biomass, as computed from
variations in Chl-a concentration (e.g. Iglesias-Rodriguez
et al., 2002). However, such a mechanism has been
neglected in carbon inventories because of the complexity
of the study of gel phases in marine environments. The
significance of gel particles in the global carbon cycle may
have been under-estimated, so far, and improvement in
the description of these processes is required to better
constrain this flux as well as the development of
techniques to estimate the coupling between the surface
and the seafloor.

Further effort is then needed to increase the reprodu-
cibility of both approaches for estimating TEP-C. The
microscopic approach, less sensitive to coccolithophorid
density and changes in TEP stainability, provided a reliable
estimate of the carbon content of TEP during this study.
However, its use as a routine method for TEP determina-
tion during multidisciplinary studies is often discarded in
favour of the colorimetric technique, which requires less
labor and expertise. However, highly coloured TEP do not
necessarily reflect high TEP-C (TEP-Cyicro:POC of 12%) but
suggest different chemical properties of their constitu-
ents. Improvement of the methods is a particular
challenge for studying possible changes in polysaccharide
composition of TEP in aging-bloom situations
(polysaccharide diagenesis) or for directly determining
TEP-C in the field, since conversion factors obtained from

phytoplankton blooms can only give rough estimates in
peculiar conditions.
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