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Abstract

The late stage of the North East Atlantic (NEAYisp bloom was investigated
during June 2005 along a transect section frono4&6EN between 15 and 20°W in order to
characterize the contribution of siliceous and aaous phytoplankton groups and describe
their distribution in relation to environmental fars. We measured several biogeochemical
parameters such as nutrients, surface trace metlglsl pigments, biogenic silica (BSi),
particulate inorganic carbon (PIC) or calcium cawdte, particulate organic carbon, nitrogen
and phosphorus (POC, PON and POP respectively)wedls as transparent exopolymer
particles (TEP). Results were compared with ottedies undertaken in this area since the
JGOFS NABE program. Characteristics of the sprilogpin generally agreed well with the
accepted scenario for the development of the agbic community. The NEA seasonal
diatom bloom was in the late stages when we santhiedrea and diatoms were constrained
to the northern part of our transect, over thealedic Basin (IB) and Icelandic Shelf (IS).
Coccolithophores dominated the phytoplankton comtyuwith a large distribution over the
Rockall-Hatton Plateau (RHP) and IB. The Porcupii®/ssal Plain (PAP) region at the
southern end of our transect was the region wethdlvest biomass, as demonstrated by very
low Chla concentrations and a community dominated by pigtgqgtankton. Early depletion
of dissolved silicic acid (DSi) and increased #fic#tion of the surface layer most likely
triggered the end of the diatom bloom, leadingdocolithophore dominance. The chronic Si
deficiency observed in the NEA could be linked todarate Fe limitation, which increases
the efficiency of the Si pump. TEP closely mirroteé distribution of both biogenic silica at
depth and prymnesiophytes in the surface layeresigy the sedimentation of the diatom
bloom in the form of aggregates, but the relatiwetabution of diatoms and coccolithophores

to carbon export in this area still needs to belvesl.



63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

1 Introduction

The North Atlantic is an important seasonal sitk &tmospheric COthrough
intense convection of cold surface waters and &evarimary productivity during spring
(Watson et al., 1991). It also appears to be alangk for anthropogenic G@Gruber, 1996).
The NABE (North Atlantic spring Bloom Experiment)ogram (1989 & 1990) showed that
CO, variability was strongly related to the phytopleark bloom dynamics (Ducklow and
Harris, 1993).

The spring bloom starts to develop following sogfavarming and stratification in
March-April, and benefits from the large nutrietdcks available following the intense winter
convective mixing of surface waters. It propagatesthward as surface stratification
progresses in what has been described as a raglegn patchwork, strongly riddled by
mesoscale and eddy activity (Robinson et al., 1983)roposed mechanism for the spring
bloom in the North East Atlantic (NEA) involvesapid diatom growth and dominance in the
early spring, followed by a more diverse commurofyprymnesiophytes, cyanobacteria,
dinoflagellates and green algae later in the se¢Sienacki et al., 1993).

At high latitudes, the NEA is also the site of aofethe largest coccolithophore
blooms observed anywhere in the ocean. Satellitagéry annually reveals extensive
coccolithophore blooms in surface waters betweearl®) 63°N as well as on the Icelandic
shelf (Holligan et al., 1993; Brown and Yoder, 19B4lch et al., 1996; Iglesias-Rodriguez et
al., 2002). It has been hypothesized that the ditlcophore bloom frequently follows the
diatom bloom as the growing season progressesrdasigely more stratified surface waters
receive stronger irradiances with correspondinglyren severe nutrient limitation.
Coccolithophores have higher half-saturation constéor dissolved inorganic nitrogen (DIN)
and phosphorus (DIP) compared to diatoms (Epplegl.etl969; Iglesias-Rodriguez et al.,

2002), and their ability to utilize a wide variety organic nitrogen or phosphorus sources
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(Benner and Passow, in rev.) has been invoked @w ffaators leading to this succession in
surface waters.

Dissolved silicic acid (DSi) availability is alsthought to play a major role in
phytoplankton community succession. Recurrent [@Zpietion has been observed in the NEA
during the NABE (1989) and POMME (2001) programsdite et al., 1993; Sieracki et al.,
1993; Leblanc et al., 2005). In these studies duttve phytoplankton bloom, Distocks were
still plentiful while DSi was almost depleted dwediatom uptake in early spring. Thus, the
stoichiometry of initially available nutrients folving winter deep mixing likely plays a
crucial role in the structural development of theirsy bloom, which feeds back on the
availability of nutrients in the mixed layer (Montand Raimbault, 2002).

The partitioning of primary production betweencdars and silicifiers is of major
importance for the efficiency of the biological pprmBoth CaC@ and SiQ act as ballast
minerals, but their differential impact on C fluxeesdepth is still a matter of debate (Boyd
and Trull, 2007). The efficiency of the biologiqgaimp is also largely a matter of packaging
of sinking material, e.g. in faecal pellets or ggragates with varying transparent exopolymer
particles (TEP) contents. TEP are less dense tleawater and consequently higher
concentrations of TEP result in decreased sinkeigoities (Passow, 2004).

The objectives of the NASB 2005 (North Atlanticridg Bloom) program was to
describe the phytoplankton blooms in the NEA durdugne 2005 and identify the relative
contribution of the two main phytoplankton groupequcing biominerals, namely diatoms
and coccolithophores, which are thought to playagomrole in carbon export to depth. Their
distribution in the mixed layer and the strongtlatinal gradients observed along the 20°W
meridian from the Azores to Iceland are discusselation to nutrient and light availability

as well as water column stratification.
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Our results are compared and contrasted with pusvstudies carried out in this
sector [BIOTRANS 1988 (Williams and Claustre, 19@ABE 1989 (Ducklow and Harris,
1993), PRIME 1996 (Savidge and Williams, 2001), R@® 2001 (Mémery et al., 2005),
AMT (Aiken and Bale, 2000)] and we discuss whetlaerclear scenario for the NEA
spring/summer bloom can be proposed. Our data sesteid to ask several key questions about
this biogeochemically critical part of the oceame a@he coccolithophore blooms often
indicated by the large calcite patches seen inllisaténages a major component of the
phytoplankton bloom in the NEA ? Which environmeéiféators can best explain the relative
dominance of coccolithophores vs diatoms in thghHatitude environment ? What causes
recurrent silicic acid depletion in the NEA and Wlae the potential consequences for
phytoplankton composition and carbon export ? Waealresked these questions by
investigating the distribution of the major bioghemical parameters such as particulate opal,
calcite, algal pigments, particulate organic carlfp@®C), nitrogen (PON) and phosphorus
(POP) as well as TEP concentrations in relatioretwironmental factors such as light,
nutrients and trace metals along a transect nea2@AW meridian between the Azores and

Iceland.

2 Material and methods
2.1 Study area

The NASB 2005 (North Atlantic Spring Bloom) transevas conducted on the R/V
Seaward Johnson 1l in the NEA Ocean between Jun8 &nd July & 2005. The cruise track
was located between 15°W and 25°W, starting at 4%5ith of the Azores Islands and ending
at 66.5°N west of Iceland (Fig.1A). The South-Nardnsect was initially intended to track
the 20°W meridian but included several deviationsorder to follow real-time satellite

information locating major coccolithophore bloomsdacalcite patches. Ship-board £0
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temperature and nutrient perturbation experimemisorapanied the field measurements

presented here (companion papers: Feng et al., ®ade Lee et al., in rev; Benner et al., in

prep.).

2.2 Sample collection and analysis
2.2.1 Hydrographic data

CTD casts from the surface to 200 m depths wer@meed at 37 stations along the
transect to emphasize biogeochemical processdw isurface layer. Physical characteristics
of the surface water will be included in a deseniptof the main water masses present in the
area. Surface water can greatly influence bioldgicacesses and their characteristics help
determine the location of fronts, eddies, vertatahtification and hydrological provinces that
were crossed. Water samples were collected using Nigkin bottles on a rosette, mounted
with a Seabird 9+ CTD equipped with photosynthdlifcactive radiation (PAR), fluorescence
and oxygen detectors. Surface trace metal sampée wollected using a surface towed
pumped “fish” system (Hutchins et al., 1998). Tomgdical information and section plots
were obtained using ODV software (Schlitzer, R.e&@tData View, http://odv.awi.de, 2007).
The depths of the mixed layer({and the nutricline (J were determined as the depth of the
strongest gradient in density and dissolved indrgaitrogen (DIN) respectively between two
measurements between the surface and 200 m. Trédiedlensity data averaged every 0.5
m were used for the calculation of,Avhile nutrient data collected at 12 depths onmaye
with Niskin bottles were used to computg dver the 0-200 m layerAt the highest
concentration gradient identified between to Niskieasurements,,Zvas determined as the
depth of the upper bottle. The euphotic dept}) (s calculated as the 1% light level using

CTD PAR data averaged every 0.5 m.
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2.2.2 Dissolved nutrients and trace metals

Concentrations of DIN (nitrate+nitrite), DIP and SD were determined
colorimetrically on whole water samples by standaatoanalyzer techniques (Futura
continuous flow analyzer, Alliance Instrumentsksasn as the samples were collected at each
station. Near-surface water samples (~10 m depth) for traetal analysis were collected
with a pump system using an all-Teflon diaphragmmpuBruiser) and PFA Teflon tubing
attached to a weighted PVC fish (Hutchins et @98). The tubing was deployed from a
boom off the side of the ship outside of the waka] samples were collected as the ship
moved forward into clean water at approximatelyn6tk. After flushing the tubing well, a 50
L polyethylene carboy was filled in a clean van arsd for subsampling under HEPA-
filtered air (removing particles above 0.3 um digne All sampling equipment was
exhaustively acid-washed, and trace-metal cleandliman techniques were adhered to
throughout (Bruland et al., 1979). One-liter saraphere filtered though 0.22 um pore size
polypropylene Calyx capsule filters into low-deggiblyethylene bottles, and acidified to pH
<2 with ultrapure HCI after conclusion of the criiPissolved metals were preconcentrated
from 250 mL seawater using APDC/DDDC organic solwextraction (Bruland et al., 1979).
Chloroform extracts were brought to dryness, oxadizvith multiple aliquots of concentrated
ultrapure HNQ, dried again, and reconstituted with 2 mL of 1Magure HNQ. Samples for
particulate and intracellular metals were colleaetb 2 pm polycarbonate filter membranes
held in polypropylene filter sandwiches. For ingtglar metals determination, cells retained
by the filters were washed with 5 mL of an oxalatdution to remove surface-adsorbed
metals (Tovar-Sanchez et al., 2003), and rinseld fiiered, Chelex-cleaned seawater (Tang
and Morel, 2006). Material on the total and inttadar particulate filters was digested at
room temperature with 2 mL ultrapuagua regia and 50 pL HF. Concentrated acids were

evaporated to near dryness and reconstituted with #f 1N ultrapure HN@ Dissolved and
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particulate metal extracts were analyzed by diregéction ICP-MS (ThermoFisher

Element2) following 10-fold dilution, with indiumsaan internal standard.

2.2.3 Particulate matter distribution

PIC, POC and PON: Water samples (400 mL) were filtered onto precosted glass
fibre filters (Whatman GF/F) and dried at 50°C.tA¢ laboratory, filters were HCI fumed for
4h in a desiccator, redried in an oven at 60°Crdiaret al., 2003) and measured on a Carlos
Erba Strumentazione Nitrogen Analyzer 1500 to deitee POC and PON concentrations. A
duplicate of each sample was run directly withauhihg to obtain Total Particulate Carbon
(TPC). PIC concentrations were calculated fromdiffference between TPC and POC.

POP: Between 750 mL and 1 L samples were filtered oméz@mbusted glass fibre
filters (Whatman GF/F) and rinsed with 2 mL of ONI™N&aSO,. The filters were then placed
in 20 mL precombusted borosilicate scintillatioalgiwith 2 mL of 17 mM MnSQ The vials
were covered with aluminium foil, dried at 95°Cdastored in a desiccator until analysis. The
vials were combusted at 450°C for 2h, and afteliegcd mL of 0.2 N HCI were added to
each vial for final analysis. Vials were tightlypgeed and heated at 80°C for 30 min to digest
POP into inorganic phosphorus. The digested PORlsamvere analyzed with the standard
molybdate colorimetric method (Solorzano and Shh$g80).

BS (Biogenic Slica): Samples for biogenic silica measurements (1 Ljewidtered
onto polycarbonate filters (0m, 47 mm) and stored in plastic Petri dishes. fEltgere
dried at 60°C for 24 h and then stored at room tatpre. Samples were analyzed for
biogenic silica following the digestion of silica hot 0.2 N NaOH for 45 min (Nelson et al.,
1989).

TEP: Between 150 mL (surface) and 400 mL (at deptmpas were filtered onto

0.4 um polycarbonate filters and directly stainathulcian blue. Three replicates per depth
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and six replicate blanks per day were preparedn&tdilters were frozen until analysis or
analyzed directly according to Passow and Alldred@®5). Briefly, filters were soaked in
6 mL 80 % HSO,. After 2 to 8 h the absorption of the resultinquon was measured
colorimetrically at 787 nm in a 1 cm cuvette. Guankan was used for calibration, thus this
method compares the staining capability of TEPhat tof Gum Xanthan and values are
expressed as Gum Xanthan equivalent per L (ug X&q.L

2.2.4 Taxonomic information

Pigments. Water samples (1 L) were filtered onto glassdibiters (Whatman GF/F)
and stored in liquid nitrogen until analysis. Saesplvere analyzed on an Agilent 1100 HPLC
(High Performance Liquid Chromatography) systemhwitiode array and fluorescence
detection. Elution gradients and protocols werecdlesd in detail elsewhere (DiTullio and
Geesey, 2002).

Coccolithophore cell counts: Water samples of 400 mL were filtered onto ceBelo
nitrate filters (0.45um, 47 mm) and dried at 50°C for coccolithophord ceunts. Pieces of
the filters were sputter-coated with gold-palladiamd imaged with a Philips XL-30 digital
scanning field-emission electron microscope (SE®®ccolithophores were counted from
SEM images and coccolithophores Wwere calculated from counts, counting area, fiitera
and filtered volume. Coccolithophores were only ided at selected depths at sites of

elevated PIC concentrations (St. 10, 12, 19, 2332933, 34).

2.2.5 Satellite images
Monthly satellite MODIS Cld and calcite composite images were obtained fran th
Level 3 browser available on the NASA Ocean BioloByocessing Group website

(http://oceancolor.gsfc.nasa.gpv/
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2.2.6 Statistical correlation analyses
A non-parametric two-tailed Spearman Rank cornatoefficient was used as a
measure of correlation between the main biogeoat@nparameters as the criterion of

normal distribution was not met for any of them.

3 Results
3.1 Hydrographic data
3.1.1 Topography

The transect running east of the Mid-Atlantic Ridgtarted with stations 1 to 12
located in the Porcupine Abyssal Plain (PAP), dinth® deeper regions of the Atlantic Ocean
(4000 to 5000 m) (Fig.1A and 1B). St.13 to 23 weanpled above the Rockall-Hatton
Plateau (RHP), which rises to between 300 and 1208t.24 to 30 were located above the
deep Icelandic Basin (IB) (3000 m) while the trastsended over the Icelandic shelf (IS) in

shallow waters (< 250 m) with St.31 to 37.

3.1.2 Circulation

The general surface circulation pattern is depiateéigure 1A according to Hansen
and @sterhus (2000), Otto and Van Aken (1996) amduss (1986). Some caution in
interpreting these surface currents is necessarytha direction and flow of the diverse
branches of the North Atlantic Current (NAC) arél st matter of debate and show large
interannual variability. However, the near surféayers that were sampled during this cruise
can be characterized by a mean north-eastward ifioilie eastern part of the NA. To the
South, the Azores Current (AC) separates in a rmoutheastwardly drift close to the 45°N
parallel (Krauss, 1986). The NAC enters the nodtera Atlantic, crossing over the Mid-

Atlantic Ridge and is diverted into several brarschiéhe major NAC branch flows northward

11
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and is further split into two branches, one cragsire ridge south west of Iceland to become
the Irminger Current (IC) and the other flowingabgh the southern part of the IB over the
RHP and towards the Farges. Part of that seconttlbrean recirculate in a cyclonic gyre
over the IB and along the Mid-Atlantic Ridge. Thesternmost Atlantic waters that flow into
the Denmark Strait between Iceland and Greenlaaduanally termed the North Icelandic
Irminger Current (NIIC), in probable continuity Wwithe IC. The main NAC carries relatively
warm and saline waters from the open North Atlatdithe RHP, and is bounded by a frontal
jet between the RHP and the IB. According to Haressh @sterhus (2000), the NAC flow is
probably broad and diffuse while it approachesRiP and narrows over the slope region.
Recirculating flow along the plateau slope is hyyesized, but despite uncertainties about the
circulation features above the RHP, the main ttajgcof the NAC is north-eastward. NA
waters originating from the Armorican Slope off th@ast of France are diverted northward

following the continental slope and form the Coatital Slope Current (CSC).

3.1.3 Water masses

From the T-S diagram of the 0-200 m layer (Fig,1%t)1 to 5 show elevated salinity
values (>35.5) which could indicate North Atlaniitaters (NAW) originating from the slope
rather than the influence of Modified North Atlamtwaters (MNAW), which is usually
characterized by lower salinities (St.6 to 33).Mated salinity values of the NAW originating
from the Armorican Slope may be a result of eithexing with Mediterranean waters or
winter cooling, but this is still a matter of debdHansen and @sterhus, 2000). As the latitude
increases, water masses become progressively frastiecooler, and the first clear signature
of Polar Waters (PW) is seen at the northernmasiost (St.37), with a surface salinity <33.5

and surface temperature as low as 2°C.

3.1.4 Main hydrological features

12
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Temperature and salinity profiles overlain withpggonals are presented in Figure
2A and 2B. The southern end of the transect, froxh t8 13, was sampled over the PAP and
was characterized by warm surface waters (0-200amying from 11 to 15°C and high
salinities (>35.4). A core of highly saline waté¥86) was observed at St.4 between 150 and
200 m and may reflect an influence of Mediterraneatilow waters. A first frontal structure
was crossed at 55.5°N at St.14 while entering tH® Ras evidenced by a steepening of the
10-11°C isotherms and of the 27.2 isopycnal, aktegsteep shoaling of the bottom isobaths.
St.14 to 23, located over the RHP, were charae@rizy colder (<11°C) water invasions
below 50 m. Stations 26 to 30 were sampled ovelBHaut presented similar vertical profiles
to the stations over the RHP. Stations 24 anddt&téd above the northern slope of the RHP
exhibited a slight upwelling of cooler waters (<l1°to the surface. From the circulation
scheme proposed in Figure 1, it can be hypothesimadSt.24-25 may be on the main NAC
trajectory exiting the RHP. The vertical temperatand density profiles between St.26 and
30 exhibited an eddy-like structure, with a deepgnof the isolines at the centre of this
section.

A second frontal structure was identified betw&#r80 and 31 (61.6° to 63.2°N),
with a sharp deepening of the 9.5°C temperaturetlam@7.4 density isolines. Stations 31 to
37 were located over the IS and the last two stati@6-37) were characterized by a clear
influence of colder (2°C), fresher waters (salir®4.4) from the retreat of melting sea ice.
The water masses encountered between St.31 andagStit be characterized as MNAW
according to Hansen and @sterhus (2000), whicldefieed by temperatures ranging from 7

to 8.5°C and salinities between 35.1 and 35.3 theeGreenland-Scotland ridge.

3.1.5 Mixed layer, euphotic zone and nutricline dep th
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The depths of the mixed layer{¥ the euphotic layer (Zand the nutricline (J are
presented in Figure 3. Average,Z. and z depths for each region are summarized in Table
1. The deepest euphotic layers were observed beePAP, between 45 and 55°N, with an
average depth of 56 m¢ depths were shallower in the three northernmagons (RHP, IB,

IS), ranging between 21 and 28 m on average. TWere no significant differences in thg Z
depths over the whole transect, with a shallow samstratification signature observed
between 23 and 30 m for all regions. The depthshef nutricline (calculated from DIN
vertical profiles) were deeper in the PAP regioithvan average value of 56 m, but with
substantial variability between stations (from 080 m). Z was shallower in the three
northernmost regions, with an average value betwZ®rand 24 m and little variability
between stations (from 10 to 40 m). Whiledépths were calculated from bottle data spaced
every 5 to 20m, £ and Z were calculated from CTD data averaged every 0.5l@mce, no

significant correlations can be calculated betw&gmand Z.

3.2 Nutrients and trace metal distributions
3.2.1 Major nutrients (Si, N, P) vertical distribut  ion

The vertical distributions of DSi, DIN and DIP greesented along the study transect
in Figure 4. For all nutrients, a progressive simgalof isolines towards the North was
observed. The PAP was the most nutrient depletggonmein early June, with DSi
concentrations in surface waters as low as 0.2 p¥6aN (St.2) and between 50 and 52°N
(St.6 to 10). The 1 uM isoline was as deep as 1@@ the southern end of the transect and
rose to the surface at both frontal structuresJemt@maining in the upper 30 m over the rest
of the transect. In general, surface waters werersl/ Si depleted while there was a constant
increase in the deeper water DSi content going f&outh to North. A similar distribution

pattern was observed for DIN and DIP, which weramagnost depleted in the surface layer in
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the PAP region and over the IS. DIN concentratimmained between 2 and 4 uM in the
upper 50 m in the PAP, but decreased to 1 uM athhee northernmost stations west of
Iceland in the upper 25 m. DIP levels were belo®0M in the mixed layer in the PAP as
well as in the IS. Differing from DSi distributio®IN and DIP were not as severely depleted
over the RHP and the IB. All nutrient concentrasioncreased at the surface at the locations
of the two frontal structures at 55°N (St.13) ar@l28N (St.31) (Fig.2). Furthermore, a
deepening of nutrient concentration isolines obegrat 60°N over the IS, also seen in the
density plots (Fig.2), may indicate the presencamoénticyclonic eddy.

Nutrient ratios are presented in Figure 5. The:DISI plot (Fig.5A) illustrates the
severe Si depletion of the 0-200 m surface lay@nfd5°N to 64.5°N. DSi:DIN ratios in this
region were well below 0.2-0.3 and close to O aesd stations (2, 6, 7, 23 and 24). In the
100-200 m layers in the northern part of the tranB&i:DIN ratios were still below 0.4. DSi
only exceeded DIN concentrations at the near saréadwo IS stations (St.35, 37). DIN:DIP
ratios were on average close to 15 over the cesgion of the transect, from 47.5° to 63°N,
but exhibited higher values at the southern entheftransect (St.2), with DIN:DIP ratios
reaching 43 at 46°N (St.2) in the PAP. DIN:DIP watup to 40 were also observed in the

upper 50 m over the IS at 64.5°N (St.34).

3.2.2 Surface trace metal distribution

Trace metal concentrations in the dissolved, tqtaiticulate and intracellular
fractions are shown in Figure 6, with metal elermeminked in order of increasing average
concentrations for the whole transect. In the dvesbfraction, silver (Ag), cobalt (Co) and
lead (Pb) were in the picomolar range (Fig.6A). @lblaverage concentration in surface
waters was 28.6 + 13.6 pM for the whole transeat,dverages for each of the hydrographic

regions showed a constant increase from South tthNwith the lowest values in the PAP
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and the highest above the IS. Cadmium (Cd), iroe),(inc (Zn) and copper (Cu)
concentrations were fairly similar and in the nantanrange, with respective average surface
concentrations over the transect of 0.7, 0.8, hd 1 nM. Fe surface concentrations were
slightly higher over the IS (1.0 nM) and the PAR8(OM), while Zn concentrations were
highest in the PAP (2.4 nM) but were highly varal®Both copper and nickel concentrations
were highest in the PAP (1.4 and 5.7 nM respegtjv®anadium (V) and molybdenum (Mo)
were the most abundant dissolved metals, with geecancentrations of 25.5 and 123.3 nM
respectively and little variability between regions

Total particulate metal concentrations showed idyfaistinct distribution pattern,
with the most abundant elements being Cu, Fe andvhich were in the nanomolar range
(Fig.6B). Particulate Cu concentrations were lovaest exhibited low variability from South
to North (0.1 £+ 0.3 nM), while particulate Fe contrations increased dramatically from
South to North, from 0.4 nM in the PAP to 6.2 nMeothe IS. Particulate Zn concentrations
were elevated and highly variable (53.1 + 80.1 @l also increased strongly from the PAP
(5.1 nM) to the IB (109.6 nM), but unlike Fe, deased again over the IS (51.7 = 8.2 nM). All
other particulate trace metals were in the picom@age. Some exhibited a steady increase
northward similar to Fe (Mo, Ni and Mn), while sonmereased from the PAP to the IB but
decreased again over the IS, similar to Zn (Cd\gnd

Intracellular metal concentrations for most eleteemere lower than dissolved or
total particulate concentrations and were founthenpicomolar range (Fig.6C). Intracellular
Co and Cd concentrations were very low (3.1 + M7gnd 8.8 = 8.1 pM respectively), while
Cu and Mn showed a strong increase over the IS W64 and 181.6 pM respectively.
Intracellular Fe and Zn were the only elements ébumthe nanomolar range, with overall
average concentrations of 1.3 nM and 6.3 nM respyt Intracellular P from the ICP-MS

analyses is indicated as well to show the evolubérbiomass over each region, which
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resembles some trace metals patterns of increasetfre PAP to the IB and decrease over

the IS.

3.3 Particulate matter distribution
3.3.1 Particulate organic C, N and P

POC and PON were tightly correlated (r=0.99), Hredaverage C:N molar ratio was
5.92 (data not shown), slightly lower than the Radfratio (C:N=6.6). PON and POP were
less well correlated (r=0.86), but the average Mo for all data was 16.05 (data not
shown), very close to the Redfield ratio (N:P=1&8.a general trend, latitudinal transects of
POC, PON and POP (Fig.7A, B, C) revealed a smatteumulation of biomass in the PAP
region and an increase in concentrations northwaittl,a maximal accumulation of biomass
at the surface around 59.5°N (St.23) at the tramsibetween the RHP and IB. Biomass in
terms of POC and PON were slightly lower over tBewhile some variability was observed
for the POP section with two other concentratioima at 50°N (St.6) and 65°N (St.35).
3.3.2 Pigment distribution

The total Chh (TChla), FUCO and HEX, and FUCO:HEX vertical distributsoare
presented in Figure 8. The maximum T&hbncentration was observed at the northern end
of the transect at 66°N over the IS, with 7.4 |fgdt 25 m (Fig.8A). Two smaller TCahl
peaks were observed at 63.2°N and at 59.5°N wisha®dd 2.6 pg I respectively. The
distribution of TCha showed a regular increase northward as well dealyg deepening of
isolines. The 0.1 pgtisoline shoaled at 10 m between 52.5 and 56 °Nlew&aching 50 m
over the IS at 66°N.

The two most abundant pigments measured other @idan over the transect were

19'Hexanoyloxyfucoxanthin (HEX) and fucoxanthin (EQ). Their vertical distributions are

represented in Figure 8B and C and the FUCO:HENX ratFigure 8D. HEX is a diagnostic

17



412

413

414

415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

pigment for prymnesiophytes, including coccolithoms and?haeocystis spp., both of which
were abundant along the transect based on onbaardstopic observations. HEX was the
second most abundant pigment measured and wasubary abundant over the RHP and
part of the 1B, between 55 and 61.6°N, with a stefenaximum value of 1.2 pg'llocated at
59.5°N, close to the northern edge of the RHP. Becondary peaks were observed in the
southern part of the transect over the PAP, at 3@ %2°N. Fucoxanthin is primarily
indicative of diatoms, but can also be synthesizgdather chromophytic algal groups (e.g.
Phaeocystis pouchetii), dinoflagellates and chrysophytes. The southem @f the transect,
from 45 to 56°N had particularly low FUCO concetitas (Fig.10B), which increased
slightly over the northern part of the RHP, witmcentrations increasing to between 0.1 and
0.5 pg L An intense subsurface peak of FUCO was centregteathe 1S, with maximum
values of 3.8 pg t at 25 m at 66°N, while concentrations at the s@rfsemained low
(0.2 pg Y. At 63.2°N (St.31), a secondary peak of FUCO whserved and ranged from
0.5t0 0.7 pg ! in the upper 30 m. An area of low FUCO conceraratiwas found over the
IB around 61°N, between the two maxima observed tdwe RHP and 1S. The FUCO:HEX
distribution reveals that HEX was the dominant peginover most of the transect from the
PAP to the IB, with ratios <1 (Fig.10C). FUCO regerts the major pigment over the IS with
a FUCO:HEX ratio as high as 83 at 15 m at 66°N3@t.The FUCO:HEX ratio is also >1

over the 1B below 50 m.

3.3.4 Distribution of biominerals : BSi (SiO ), PIC (CaCOs3)

Biominerals representative of siliceous and calgas phytoplankton are presented
in Figure 9A and B. Particulate Inorganic CarborC(|Phere indicates the presence of
calcareous organisms such as coccolithophores ptecepods were never observed on the

filters. The PIC distribution over the transect wesy patchy, and except for a region of
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lower levels over the PAP between 45 and 50°N, sdowo clear trends with latitude
(Fig.9A). The largest accumulation of PIC occureédhe surface at 52°N (St.10), with 11.6
pumol LY. A secondary maximum was observed over the IB;hieg 10.2 pmol ! at 10 m
depth at 63.2°N (St.31). Comparison between the &€ HEX peaks located at 52°N and
59.5°N shows a good agreement, though discrepamegge found over the rest of the
transect. A notable peak of PIC at 63.2°N (St.3Bswot matched by a HEX increase
(Fig.10). In contrast, there were two large HEXkzeeentred at 50°N (St.6) and 57°N (St.17)
that did not correspond to high PIC concentrati@fig.9). Hence, the overall correlation
between PIC and HEX distributions was poor. Therpmurelation between HEX and PIC
may be explained by the presencePbfeocystis pouchetii which was observed in bioassay
experiments (data not shown) or by the presenocakdéd coccolithophores.

Biogenic silica distribution was very differentom PIC and showed a marked
increase north of 54.2°N (St.11) while the southeart of the transect revealed very low BSi
concentrations (Fig 9B). The first large increas®%i was observed at 59.5 and 60°N (St.23,
24) with concentrations ranging from 0.75 to 1.2#igh L™ in the upper 25 m at these two
stations. A deep BSi maximum was also found overlBhat 60.5°N (St.25), with a peak of
1.08 pumol L' at 100 m, extending to 200 m (0.45 pmdi)LLow BSi concentrations were
again found over part of the IB between 61.04 ahd &N (St.27, 29). From 63.2°N (St.31)
and northward, BSi was abundant from the surfacat tieast 200 m (concentrations below
200 m not measured). Entering the IS, a large B&iraulation was found at 63.2°N (St.31)
from the surface (0.86 pmol™) to the bottom of the profile (0.78 pmot), with a
maximum found as deep as 125 m (1.19 pmdl The highest BSi accumulation of the
transect was centred above the bathymetrical oisstéd over the IS, from 65 to 66°N (St.35,
36) and reached a maximum concentration of 1.61liitoat 25 m at 66°N, while the

surface concentration at this site was moderag8(Amol ). At the northernmost station,
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at 66.55°N (St.37), BSi showed an intense surfasgkp(1.12 pmol I at 15 m), which
decreased sharply below 50 m (<0.16 pmid). [Overall, the three stations that presented the
highest BSi concentrations corresponded to incte&deCO levels (at 59.5-60, 63.2 and
66°N), however, FUCO was constrained within thearppO0 m, while BSi extended much
deeper, to at least 200 m, thus correlation was oihe deeper water column between these

two parameters.

3.3.5 Other taxonomic information

A few selected stations were analyzed microscdlgicéor coccolithophore
composition and abundance based on the localizafiaghe PIC maxima. These results are
presented in Figure 9C. Unfortunately, no inforrmatcould be derived regarding the two
main PIC maxima at 52 and 63.2°N (St.10, 31) asntbst abundant species could not be
clearly identified in scanning electron microscf¥M), due to a layer of material obscuring
a clear view. The PIC accumulation over the RHPLG23) can be attributed mainly to the
presence oEmiliania huxleyi which dominated the coccolithophore assemblageenigaily,
while the PIC accumulation measured over the ISnset® originate from a bloom of
Syracosphaera spp. Other species such aSephyrocapsa spp., Coccolithus pelagicus,
Calcidiscus leptoporus and Coronosphaera spp. were also present but in small abundance.
Coccolithus pelagicus was only seen north of 58°N (St.19), whilephyrocapsa spp. was
only observed south of 61.43°N (St.28miliana huxleyi was the most evenly distributed
species and was observed throughout the tranBbakocystis spp. was also observed on

board together with coccolithophores during bioggs@eriments.

3.3.6 TEP distribution
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TEP distribution is presented in Figure 10. TERoamtrations were lowest at the
southern end of the transect over the PAP, andedtdo increase from 50°N (St.5) and
northward, with the highest concentrations foundbath edges of the IB. Elevated TEP
concentrations were measured at the surface ab%5, and 63.2°N (St.13, 23, 31), with
concentrations ranging between 300 and #@Xeq.L*. TEP were mainly found in the upper

50 m layer, but extended to 75 m on two occasiog® and 63.2°N (St.24, 31).

3.4 Integrated data

Average integrated data of diatom and coccoliteophndicators (BSi, FUCO, PIC,
HEX) and of biomass indicators (T@hhnd POC) are presented for each provinces in &igur
11. We emphasize that HEX, in addition to beingaak®ar of coccolithophore presence, may
also indicate the presence PBhaeocystis pouchetii during the NASB bloom. Standard
deviation bars are relatively large, highlightirige tstrong mesoscale variability over the
transect. Integrated BSi ranged from 17.7 to 168r@ol m? and increased steadily from
South to North (Fig.11A). Integrated PIC was vempnigr in the three southernmost
provinces, despite patchy profiles, with valuesgiag from 67.3 to 78.4 mmol fbut nearly
doubled over the IS with 135.1 mmol°nfFig.11A). Integrated FUCO was lowest over the
PAP in the south and highest over the IS (fromt8.34.3 mg rif), but was similar over the
RHP and IB (Fig.11B). Integrated HEX values werevdst over the IS (8.2 mg f and
highest over the RHP (23.7 mg?n showing a different distribution pattern thanCPI
(Fig.11B). Finally, integrated TCalshowed a similar distribution pattern to FUCO, hwit
lowest values over the PAP (30.7 m§)nand highest values over the IS (90.9 nig),mvhile
integrated POC data increased steadily from the ®ARe 1B (556 to 1105 mmol fi), but

decreased again over the IS (802 mmd) (fig.11C).
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4 Discussion
4.1 Bloom development — general features

The North Atlantic bloom started in April southseaof our transect near the
European coasts and developed towards the nortldweag May, where the spatial coverage
of the bloom was largest (Fig.12). In June, théhég concentrations of both surface &hl
and calcite were detected, as evidenced by the @asitepmonthly SeaWiFs images (Fig.12C
and 12G). According to these satellite images,as@phytoplankton biomass was lower over
the PAP region, around the southern part of ourseat, from 45°N to 52°N (St.1 to 10),
whereas an intense surface accumulation of botla @htl calcite was observed from the
Rockall Hatton Plateau to the Icelandic shelf. Qata (Fig.8A) was in good agreement with
these global features, with low concentrations bfaGn the upper 100 m in the PAP region
then increasing above 1 pg Lfrom approximately 52°N to 66.5°N. The intense &Chl
accumulation south of Iceland visible on Figure 1&sincided with the slight increase of
Chla surface concentrations measured at 60°N, butnemse subsurface (25 m) @lgdeak
measured on the IS (Fig.8A) was not visible on ghtellite imagery, probably due to the
depth of this peak. Indeed, satellites only pessubh the near surface to a depth equivalent
to 1/extinction coefficient. Overall, the monthlyhi@ composite satellite data was very well
matched by our surface @hilata, both in general trends and concentrations.

The calcite surface distribution was very patcByshown in the composite image
(Fig.12G) making comparisons wiiln situ data difficult, but the range of concentrations
observed (between 1 and 10 pmd)lwas identical to the range of our PIC measuresent
(Fig.9A). The relative absence of calcite at thatlsern end of the transect shown by the
satellite composite was in good agreement with dé@ibution, which was below 1 pmol*L
on average in this region (south of 50°N). Thergjroalcite increase visible over the northern

half of the RHP as well as the very large peak oleskover the IS were also well reproduced
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by our data. However, the highest PIC concentratafrthe IS peak ranged between 2 and 10
pumol L, while satellite data showed calcite concentratiolose to 30 umol t over this
area. The weekly composite image from the end & thuise (26/06/05-03/07/05)
corresponding closest to the sampling period ofli#hstations showed reduced calcite levels,
closer to 3 pmol £ which is in better agreement with our data. WeelI9DIS composite
images (not shown) reveal that the largest codugitore bloom developing west of Iceland
occurred between the end of May and mid-June, aalsubsiding by the time we sampled
the IS. It is also known that detached coccolittas accumulate in the surface layer and that
these particles have a very high reflective indelRich may bias satellite estimations. We
emphasize that comparing satellite images to im ddta is not trivial and that monthly
composites cannot be expected to represent laesl sampled during the cruise. However,
weekly images were too obscured by cloud covergaugeful. Our point is to show that
despite potential large meso-scale features, tmergetrends of surface Chla and calcite
measured during the cruise in terms of range oteotnations and main features could be
reflected by composite satellite images. Furtheenae show in the following section that in
situ PIC and HEX data were poorly correlated, wtsalggest that satellite calcite data cannot
be directly converted to coccolithophore abundar@er cruise transect, sampled over a
month, represents the South-North variability offedent biological and hydrological
provinces but also integrates the bloom temporapagation northward. Thus, regional
comparisons described below account for both dpatich temporal variability, and cannot be
considered a true synoptic view of a bloom situatiBurthermore, care must be taken in
extrapolating surface Chldata, which are often poorly correlated to watduimn integrated
data, as was shown by Gibb et al. (2001) who detraied that conclusions derived from
latitudinal differences in surface Ghivere opposite to those derived from integratedaChl

data.
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4.2 Community structure and characteristics of the NEA phytoplankton bloom

We first present a short non-exhaustive synthekisrevious cruises carried out in
the same area during spring in order to summarie main characteristics of the
spring/summer phytoplankton blooms, before compgatirese studies with our results. The
Biotrans site (at 47°N, 20°W) characterized pigmdmttween the end of June to mid July
1988 revealing that HEX (prymnesiophytes) was thenidant pigment for the nanoplankton
size fraction while PERI (dinoflagellates) was thajor pigment in the microplankton size
class (Williams and Claustre, 1991). Relatively fu@graded prymnesiophyte pigments were
observed at depth, suggesting aggregation and cudrse rapid sedimentation of
prymnesiophytes. One year later, Llewellyn and Mard (1996) sampled stations on the
20°W meridian from 47°N to 60°N over the same peffiirst NABE cruise of JGOFS) and
found that by mid-July diatoms dominated the spbf@pm at 60°N while prymnesiophytes
were more important at 47°N, where the first spbigpm was already over.

The phytoplankton bloom was again sampled at 4§4Nier in the season in 1990,
and results indicated that diatoms (23-70%) ananpesiophytes (20-40%) dominated the
Chla biomass in the first stage of the bloom durindyelsiay, while prymnesiophytes became
dominant (45-55%) in the second phase from the adnllay to mid-June (Barlow et al.,
1993). The latter study reported a pigment maxim&-45 m depth with a rapid decrease
below that depth in the development phase, whilghat peak of the bloom, diatoms
dominated throughout the water column down to 300Im the post-bloom phase,
prymnesiophytes dominated the upper 20 m with diatonore abundant in deeper waters.
The following year, in 1991, a large coccolithophbioom was encountered south of Iceland
between 60 and 61°N, between the end of June ahydJedy (Fernandez et al., 1993).

During the PRIME program in July 1996, the surfpbgtoplankton community was

dominated by prymnesiophytes between 37 and 6141l ,a constant northward increase in
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relative diatom contribution was observed (Gibbakf 2001). More recently, during the
seasonal POMME study carried out in 2001, prymmsites dominated the phytoplankton
during March and April between 39 and 43°N exceptd transition period in April when
diatoms dominated at the northernmost site (43Tlaystre comm. persLeblanc et al.,
2005).

The recurrent scenario emerging from these prevebudies is that diatoms dominate
the early bloom stages, sometimes co-occurring pngimnesiophytes or dinoflagellates, and
tend to be outcompeted by prymnesiophytes duritey kstages of the spring bloom due to
changing light and nutrient availability and po$gigrazer control. This temporal succession
is also accompanied by a change in vertical phgtdgbn community structure towards the
end of the spring bloom with prymnesiophytes ocaupyhe stratified surface layer (0-30 m)
while diatoms tend to dominate lower depths (30-8()&ometimes well below the MLD.

Our observations collected during the 2005 NASRIg are in good agreement with
this proposed scenario. In June, we found evidefdbe propagation of the spring bloom
northward, with Chd increasing from the PAP region to the IS (Fig.84 43C). There was a
general decrease in phytoplankton size structuven fNorth to South, which was also
observed during NABE (Sieracki et al., 1993). Thgnment data showed a large
prymnesiophyte bloom over both the RHP and IB, gvdiatoms were mostly found over the
IB and IS (Fig.10, 11 and 13B). The relative vettidistribution of diatoms and
prymnesiophytes along our transect was also sirtalénat observed during the PRIME study
(Gibb et al., 2001) in that HEX dominated the sceféayer, while FUCO:HEX ratios >1 were
found below 50 m (Fig.10C). Overall, the correlatizetween HEX and PIC was very poor
for the entire cruise and may reflect a large cbuation of Phaeocystis pouchetii, wherever

HEX was not associated with PIC accumulation (8t&7 to 30) and the temporal mismatch
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between coccolithophore biomass and coccolith auragon. Another explanation would be
the presence of naked coccolithophores, but we hawata to substantiate this hypothesis.

The former reason is confirmed in Table 2, whiclmmarizes the significance of
correlations between the diatom and prymnesioptyteblithophore indicators (BSi, FUCO,
PIC, HEX) with the other main biogeochemical valggbsuch as nutrients and biomass data.
The PIC data stand out in this table as the onanpater that is most poorly correlated to any
of the other variables. PIC and HEX were never iBgantly correlated and this is true
regardless of testing the whole data set or testawh region separately. A poor correlation
was also found in another study in the North Aitambr a global data set (n=130) on the
same transect from 37°N to 59°N, with significadlCfEX correlations found only for
underway data and for data collected at 59°N (buafvery small data subset, n=11) (Gibb et
al., 2001).

These results emphasize the difficulties in usialk pigment and mineral indicators
for a group such as coccolithophores. Both theautzgllbiomineral and pigment contents are
highly variable and depend on the cell’s physiadtagstatus and species. During their growth,
particularly in senescence, some coccolithophanesd sheir coccoliths. These coccoliths are
too small to sink and tend to accumulate in théaserlayer. This further decouples PIC from
the biomass of living coccolithophores. For insgnthe remnants of a coccolithophore
bloom is indicated by the presence of PIC in thedase layer from St. 31 to 35 over the IS,
but with no HEX accumulation, likely reflecting theresence of detached coccoliths while
pigments and organic carbon have been lost, edymsated, degraded or grazed. Surface
increases in HEX without similar PIC accumulatioereralso observed (for instance at St.17)
and could indicate the presence of either uncalgfystrains of coccolithophores or more
likely an increased contribution &fhaeocystis pouchetii. The correlation between PIC with

HEX, even though not significant, increased sliglaver the RHP and IB regions%0.36
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and 0.44 respectively) where it can be hypothesizatithe contribution of coccolithophores
vs Phaeocystis pouchetii increased.

BSi and FUCO concentrations were on the other lzdwdys significantly correlated
(Table 2), with correlation coefficients;)iof 0.56 to 0.80. The entire data set showed @ ver
strong correlation with an value of 0.79, which was also very high over th#PR0.80) and
the IB (0.75). Slightly lower coefficients were fadiover the PAP &0.59) and IS (=0.56).
These weaker correlations can be explained by tbgepce of more senescent cells with low
pigment contents or empty diatom frustules. This west likely the case over the IS where
high BSi concentrations extended as deep as 2@gr®B), well below the £depth of ~20
m (Fig.3), while most of the Cailwas confined to the first 50 m (Fig.8A). Hencesitunlikely
that diatoms were still growing as deep as 200 ch tars signal more probably represents
sinking diatoms. This is further confirmed by phgleglides concentrations (data not shown),
which were much higher in the IB and IS regionsmthathe PAP and RHP regions. Some
interference with lithogenic silica (LSi) near lwtt (75 m only at St.35 and 36) could also
have occurred since BSi data were not corrected $orduring analysisPhaeocystis spp. is
also known to produce FUCO (Schoemann et al., 2@0®) could explain differences
between BSi and FUCO comparisons. However, in tudys the presence of FUCO was
always matched by the presence of BSi, and we aftserved the presence of BSi without
FUCO. Hence, it is likely that in our study FUCOsamaostly indicative of diatoms.

More surprisingly, FUCO and HEX were highly corteld during our survey in the
PAP, RHP and IB regionss£0.88, 0.87 and 0.85 respectively) but not overilgewhere
FUCO was overall dominant. Even though FUCO conmeéiohs were very low in the first
three regions, the patterns of distribution seenwednatch closely those of HEX, with a

notable accumulation at 59.5°N (St.23) and 57°N1{@t Hence, even though not very
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abundant, diatoms were co-occurring with prymnéesytgs from 45°N to 63°N, which were
dominating the phytoplankton community, except dherlS.

The strongest correlation was found between FUC@ a&chlk, with highly
significant and elevated values, from 0.89 to 0.95 in the different regiand an 4 value of
0.92 for the entire data set (df=243). Significaotrelations were found between BSi and
Chla for the entire transect, PAP, RHP and IS regiags0(46 to 0.63) but were not
significantly correlated over the IB. Similarly 8UCO, HEX was highly significantly
correlated to TClal, with rs values between 0.75 (all data) and 0.97 (IB), ekaeghe IS
where the correlation was not significant. Highignsficant correlations were also found for
both HEX and FUCO with other biomass parameterd asc POC, PON and POP. These
results indicate that diatoms and prymnesiophytesevimajor components of the late June-
July phase of the North Atlantic Spring Bloom, ahdt they co-occurred in most regions,
despite large differences in terms of abundance.

Pigment data were also much better correlated fa @hd particulate C, N, P data
than biominerals, which is expected as pigmentschagacteristic of fresh material whereas
biominerals may persist in the water associateth w&nescent cells, or remain suspended.
The discrepancy in pigment to mineral correlatiomdicates that the latter situations were
encountered during our cruise, with large amouritsiiking detrital opal and suspended
calcium carbonate in the water column. Hence, bidkninerals measurements are not a good
indicator for living organisms.

Correlations between nutrients and BSi, FUCO, MEX data generally yielded a
negative g value, reflecting the fact that biomass accumaitais inversely related to nutrient
consumption. Both FUCO and HEX were significanttyrelated to depletion of all nutrients
but the strongest correlations occurred over theP Péad IB regions, where biomass

accumulation was highest. In general, ammonium was correlated to any of these
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parameters except in the IS where HEX and, Midre significantly correlateds60.54). HEX
was significantly correlated to D$epletion in all regions. In particular, HEX and iDS
showed strong correlations%0.82) in the PAP and RHPs£0.74) regions. Accumulation of
prymnesiophytes, indicated by HEX, indeed occumneithe surface layer where DSi appeared
depleted. This correlation corroborates the hymithef an earlier diatom bloom which led to
depleted surface silicic acid levels and a subsdqdecline of diatoms, allowing the
prymnesiophytes to develop and become dominant.

Finally, the occurrence of TEP was significanttyrrelated to the FUCO, HEX and
BSi distribution and to a lesser degree with Pl@t@ms are known to produce large amounts
of TEP and good correlations between TEP anda@hldiatom dominated systems are
commonly found (Passow, 2002; Passow et al., 200019. distribution patterns of BSi and
TEP (Fig.9 and 12) also show a good overlap, pdaity for the sites of high BSi
concentration at the RHP/IB and IB/IS transitios®°(and 63.2°N). Below 40 m depths
pigment concentrations were low, even when TEP B®dwere high, suggesting that these
elevated BSi signals document the sedimentatiahaddm aggregates. Unaggregated TEP do
not sink (Azetsu-Scott and Passow, 2004), but ftrenmatrix of aggregates (Passow and
Alldredge, 1995), which are then prone to sink dapidue to their large size. TEP
distribution, in particular, the extensions at tept St. 24, 31 and 35 closely matched the
distribution of BSi; thus their occurrence at dejstlan indication of sinking TEP-rich diatom
aggregates. TEP also correlated well with HEX distion, indicating that the
prymnesiophyte bloom generated abundant amount&Bfas well. Production of TEP &y
huxleii has been observed in a mesocosm experiment (Enhgk) 2004), but it has not before
been shown that TEP is produced abundantly duriaral coccolithophore blooms.

Phaeocystis is also known to produce TEP (Riebesell et al95]1Hong et al., 1997) which
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could explain the good agreement between HEX and distributions in the areas where

HEX and PIC are not well correlated (St.6 and $ttal17).

4.3 Phytoplankton control factors

The situation encountered over the transect dutieg month of June was net
autotrophic (Cottrell et al., 2008). The PAP regiams characterized by the lowest
phytoplankton biomass, as well as by the highestribution of the smaller size-class such as
nano- and picophytoplankton. In addition, the prynproduction rates in this area (50 to
55°N) were lower relative to the other regions glaur transect (Cottrell et al., 2008). This
correlates with the deeper nutricline depths enred in this province (<50 m at most sites)
and the lowest nutrient availability in the euphdayer. Light was probably not a limiting
factor, as the euphotic depth was the deepestisnrégion and exceeded Zm at all sites.
Temperature did not seem to be controllinga&Cidcumulation in June 2005 either, in contrast
to phytoplankton distribution in the Sargasso Seawadenced by Rowe et al. (2008). From
satellite imagery (Fig.12), it seems that £Btcumulation in that area was never very high
during the initiation of the spring bloom. This m@flect the shallower winter mixed layer in
the PAP compared to the northern part of the ti@ngkich would lead to diminished nutrient
inputs in the surface layer and nutrient limitateerly on in the productive season. For the
year 2005, the MLD was much deeper south of Icethad over the central part of the NEA

corresponding to the PAP until April (Mercator dateailable athttp://bulletin.mercator-

ocean.fr/html/welcome_fr.j9pFrom May to July, this trend was much less obsioHence
the latitudinal trend of the MLD during winter aedrly spring, but also the highest store of
nutrients towards the North (Sarmiento and Grul2€&06) may reflect the South-North
increase in nutrient stocks in the stratified sceféayer during the productive season. DSi

concentrations as low as 0.2 uM and Si:N ratioewd).2 (Fig.4 and 5) also indicate Si
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consumption by diatoms prior to our sampling peri@bi and FUCO were however
negligible, indicating that the diatom bloom hadsided by June, and either sank out or was
grazed. The elevated N:P ratio (close to 40) & &tthe southern end of the transect (46°N)
may reflect the potential presence of nitrogenriixe

The RHP and IB regions were characterized byivelgthigh DIN (>4 uM) and DIP
(0.2-0.4 pM) concentrations in the upper 25 m wbits was at the detection limit at 60°N,
where a large BSi accumulation was found. This @ded with a moderate increase in
FUCO, which remained low compared to the abundaricelEX. These data suggest the
occurrence of a previous diatom bloom, and theigtersce of detrital BSi in the process of
sinking out or being grazed, as shown by the de#¢gnsion of BSi down to almost 150 m
well below the euphotic layer. Increased phaeoprdmeoncentrations (data not shown) in
the upper 50 m indicate active grazing of biomaédsal production was fairly constant
throughout the 20°W transect, but increased diaitiat St.22 (59°N), on the southern edge
of this feature (Rowe et al., 2008) indicating pia local control of biomass by viral lysis.
This bloom seemed to have been followed by a prgopéyte bloom, with large HEX
concentrations clearly confined to the surfacenatggether with some accumulation of PIC.
The highest BSi and HEX accumulations coincidedhlie presence of a frontal structure at
60°N (St.24 and 25) and a doming of isopycnalshat site. However this accumulation
feature extended across it in both direction, bith wmore moderate biomass valuesdgpths
were shallow in both areas (20-30 m) but light i seem to be a limiting factor for growth.

Continuing northward, a second front was passet tiee Icelandic Shelf Break
(between 61.6°N and 63.2°N) and was characterizgd a small increase in
microphytoplankton Clal associated with an increase in FUCO in the uppen3and with a
large accumulation of BSi (~1 umol'). extending as deep as 200 m. This diatom bloom

seems to have been stimulated by the surfacinghef @Si isopleths at St.31 with
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concentrations up to 1.4-1.6 pM in the surfaceraB8i concentrations as high as 1 pmdl L
which extended to the sea floor of the IS togethith the absence of detectable pigments
below 40 m very probably reflected the sinking wipgy diatom frustules along the very steep
27.4 isopycnal (Fig.2), potentially mediated by TB§gregation. A large accumulation of
phaeopigments (data not shown), with a maximum eatnation found at 50 m at 61.6°N
could also indicate a rapid export of BSi througlankton faecal pellets. Another possible
explanation would be contamination by bottom sedimessuspension of previously
sedimented diatom cells, or by lithogenic silicaieih was not measured in our samples), but
the similar deep extension of TEP and BSi fromsindace argue against this hypothesis.

Finally the IS was characterized by the highesiaiss accumulation of the transect,
which was reflected by an increased surface consampf nutrients, particularly in DIN
which showed the lowest concentrations encountedesing the cruise (<1uM).
Phytoplankton communities on the IS were mixed lshtially and vertically, with a high
surface accumulation of picophytoplankton (chlongph and prasinophytes, data not shown)
and probably also detached coccoliths as PIC wasatdd but HEX concentrations were
moderate. This community was found between 63 &il §St.31 to 35) and was present in a
highly stratified water column above the 27.3 ispoyal (Fig.2). The highest BSi and FUCO
concentrations of the transect were constrainetheosubsurface below 25-30 m north of
66°N, where diatoms were clearly the major contriigugroup. This intense diatom growth
seems to have occurred where cold polar melt wgfvg) encountered modified North
Atlantic Waters (MNAW) over the IS.

Surface PW were not characterized by any increassdent load at the time of
sampling. We hypothesize that this diatom bloom wsesded over the shelf following the
retreat of the ice edge earlier in the season, wtesulted in the depletion of all nutrients by

the end of June. The FUCO patch was centred ar@6r@80 m north of 66°N and did not
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extend below 50 m, while BSi was found in elevatedcentrations all the way down to the
seafloor (~125 m). This again would indicate tlegt BSi found at depth was mostly detrital
and in the process of sinking out of the surfagernan aggregates similarly to what was
observed at 63.2°N. Large amounts of phaeopignmmsthe IS also suggest active grazing
control of this subsurface diatom bloom.

Regarding the role of trace metals on phytoplanipawth in the NEA, our surface
trace metal data show that neither Fe nor Zn waghhh depleted, with dissolved
concentrations of 0.7 and 0.8 nM on average. Yeget trace metal addition experiments in
which 2 nM Fe and 2 nM Zn were added were carrigddoiring the transect (at 51.5°, 56°
and 63.5°N), and all resulted in an increase ofaGlfter 6 days by a factor of 1.2 to 1.9 in the
+Fe treatments compared to a control, and in ausdtion of the >20 um size fraction (data
not shown). Zn additions did not induce any inceeas Chh. Despite relatively high Fe
concentrations, moderate Fe limitation and co-htioh with DSi have already been observed
in the same region between 39 and 45°N in the asalyes of the spring bloom (Blain et al.,
2004). More recently, Fe limitation was similarlgtablished in the central North Atlantic
(Moore et al., 2006).

Interestingly, particulate Fe increased drasyc&ibm South to North, similarly to
the 2BSi andZFUCO patterns, which could reflect the larger Fguneements by diatoms,
while oceanic coccolithophores are known to haverg low Fe requirement (Brand, 1991,
Sunda and Huntsman, 1995a). On the other handpate Zn increased from the PAP to the
IB, but decreased over the IS similarly to Bt¢EX andZPOC patterns, which could reflect a
higher utilization of Zn by prymnesiophytes, notabler the IB region. Previous work by
(Kremling and Streu, 2001) reported trace metakeatrations along the same transect as in
our study and during the same season. More thdroh#leir Zn measurements were below

the detection limit, but the authors argued agaimst'’Zn hypothesis’ between 40 and 60°N
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because of high Co concentrations, as Co and Zrkraoe/n to substitute for one another
(Sunda and Huntsman, 1995b). Our data do not dilothier interpretation, given that they
are large regional surface averages, and that exngpibstitutions of metals, notably Zn, Co
and Cd are also at play (Morel et al., 2003), batlenate Fe limitation was likely preventing
a complete drawdown of surface nutrients duringeugtween 45 and 66°N.
4.4 Si depletion — a general feature of the NEA

At the end of the first NABE program in the NEA remained unclear whether the
sequential depletion of Si and N was common othéd year 1989 was an unusual year
(Sieracki et al., 1993). Since then, several ofwegrams such as BIOTRANS, BOFS,
PRIME and POMME conducted in the NEA during theduative season have reported Si
depletion prior to N exhaustion later in the seasmnwell as consistently low Si:N ratios in
the surface layer (Lochte et al., 1993; Sieracldlgt1993; Passow and Peinert, 1993; Taylor
et al., 1993; Savidge et al., 1995; Bury et al.0DOthat were well below the usual 1:1
requirement for diatoms (Brzezinski, 1985). Fromieawork during the POMME program,
it was shown that winter surface silicic acid aahility between 40 and 45°N was already 2—
3 UM lower than nitrate and that this deficit iresed with depth, with a 5—-7 uM difference
between DSi and DIN concentrations at 1000 m (Leblat al.,, 2005). Uptake kinetics
measured in this region also suggested potentabmi growth limitation by ambient Si
concentrations (Leblanc et al., 2005). These lotfasa Si:N ratios may reflect the deficiency
in Si compared to N of North Atlantic intermediated deep waters, as can be observed on
the WOCE sections between 30 and 60°N (Sarmientb Gruber, 2006). Biogenic silica
produced by diatoms during the spring bloom sink$ & higher efficiency to depth, while
other nutrients are more readily remineralizedhi water column. This process, termed the
silica pump (Dugdale et al., 1995), causes a peated loss of Si to the sediments compared

to N, P and C. Deep waters circulating in the NAibahave only recently been formed
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through winter convection and do not carry the s&mead that older Pacific deep waters do
for instance, which are at the end of the convdogit circuit and received surface biogenic
material along its path. Hence, the chronic Sidieficy of the NA is likely to be a permanent
feature and can be explained by global oceaniclation. The moderate Fe limitation which
has been invoked in the NEA and observed througarakenrichment experiments (Blain et
al., 2004; Moore et al., 2006; Leblanc, unpublislizda) could furthermore enhance the
efficiency of the Si pump in this region. It is noaccepted that Fe deficiency leads to
increased cellular Si quotas in diatoms (Hutching Bruland, 1998, Hutchins et al.; 1998;
Takeda et al., 1998; Firme et al., 2003; Leblanalet2005b) which could then increase the
vertical decoupling of Si vs N and P, with more\ilasilicifed cells sinking faster and less
prone to dissolution in the surface waters.

Despite this the spring bloom is initiated by dras in this region, which rapidly
consume the available Si before being outcompetgd cbccolithophores, a group
physiologically more adapted to the stratified ahdotrophic conditions that occur later in
the season (Iglesias-Rodriguez et al., 2002). BElengh Si availability does not directly
control the initiation of the coccolithophore blopm plays a major role in structuring
phytoplankton communities throughout the producteason. Understanding the succession
of these major biomineralizing groups in this hightoductive region of the NA is the key to
understanding and quantifying the C export procesesea basin scale.

Diatoms and coccolithophores are likely to haveywdifferent impacts on the C
export term. The respective roles of the minera@3, &ind CaC@ as ballast particles and
vectors for POC export to depth is highly debatéde analyses of a large number of
sediment trap data suggested that Ca@@s a more efficient ballast mineral for POC
(Francois et al., 2002; Klaas and Archer, 2002)thigt assertion has recently been contested

by new experimental work (Passow and De La Rocb@62De La Rocha and Passow,
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2007). Unfortunately, we do not have sediment ttaja in this study to argue one way or the
other. Leaving the ballast issue aside, diatomscadolithophores are known to have very
different impacts on the biological pump. Diatorasd to sediment quickly, either after mass
flocculation events (which may be triggered by ated TEP production) or through grazers
faecal pellets, while some evidence show that grpziates are reduced during a
coccolithophore bloom (Huskin et al., 2001; Nejsigh et al., 1997). Calcification
furthermore results in a net outgassing of,@Wards the atmosphere (albeit pClubility

in surface waters increases as we move polewar@chlhisms of sedimentation of
coccolithophores other than in faecal pellets arectear. In contrast to diatoms, where the
organic matter is trapped within the frustule aftell death, coccoliths are released into the
water upon cell death (or earlier in some spece®), are thus physically separated from the
organic carbon of the coccolithophore. Both orgac&gbon and coccoliths could then
aggregate if conditions are right, but other preess may become more important.
Aggregation of whole coccolithophores has also beestulated (Cadee, 1985), but it has
never been ascertained if the observed structusre wue aggregates or appendicularian
pseudo faeces. Formation of fast sinking aggredesels to faster export of material to depth,
thus enhancing the efficiency for C export. Henaeyur study, the presence of TEP closely
associated to diatom and coccolithophore distriioutnay be an important vector for POC

export for both types of phytoplankton.

5 Conclusions

The seasonal succession of the spring phytomankioom in the North East
Atlantic now seems better understood. The NASB gataented here corroborates previous
observations gathered during the JGOFS era antbllogv-up programs carried out in this

oceanic region, as well as model scenarios forsgireng bloom. The bloom is initiated by
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diatoms upon the onset of stratification and aigéen of light limitation. Diatoms are rapidly
outcompeted due to severe Si limitation in theag@flayer and potential Fe limitation may
occur despite relatively high concentrations. Triitensification of stratification (i.e. increased
light and impoverished nutrient conditions) therads to the development of a large
coccolithophore bloom often located on the RHP @aode to Iceland.

During our study the spring diatom bloom was wgniand abundant diatom
biomass was constrained to the northern part of tfamsect over the 1S, while
coccolithophores were mainly dominant over the R&ifel IB. These two phytoplankton
groups were clearly dominating the autotrophic camity, but the presence &haeocystis
spp. was also suspected to be present in some regidashow that measurements of bulk
minerals or pigments are not sufficient to cleatablish the dominance of one group, as
coccolithophores anBhaeocystis spp. both possess HEX while diatoms dpttheocystis both
possess FUCO. Hence, the need for systematic matfite€ remain impossible to circumvent,
but should become easier with the advent of seturaatized counting and imaging devices.

We conclude that the unique combination of earlgepletion, along with sufficient
N and P levels and water stratification processayg be the reason why we observe one of
the planet's most extensive coccolithophore bloomghe NEA. Although the temporal
succession between diatoms and prymnesiophytesssestablished, the role of the major
species succession within each group (namely tlag¢ive contribution of coccolithophores
andPhaeocystis) still needs further assessment.

We suggest that focus now needs to be placed portexnodes of this intense
phytoplankton bloom. Further studies need to ehteidhe net contribution of diatoms and
coccolithophores to C export through a better dtieation of the relative impact of
processes such as grazing, TEP production, flotoolavents and passive sinking. Finally, a

challenge will be to understand how the dynamicghefNorth Atlantic Bloom will respond
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908 to future changes in climate forcing, a questioat ttvas addressed during our study by
909 parallel experiments examining the response ok#me NAB communities sampled here to

910 increasing pC®@and temperature (Feng et al. 2009, Lee et al.,ZR08%¢e et al. 2009).
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Table Legend

Table 1: Mean depths (xstandard deviation) of the euplmite (Ze), mixed layer (Zm) and

nutricline (Zn) in the PAP (Porcupine Abyssal PJaiRHP (Rockall-Hatton Plateau), 1B

(Icelandic Basin) and IS (Icelandic Shelf) regions.

Table 2: Spearman-rank correlation coefficientsy) (calculated for the diatom and

coccolithophore bulk indicators (BSi, FUCO, PIC, X)Bvith the other main biogeochemical
data for the complete data set (All) and each re@AP, RHP, IB and IS). Correlations are
considered significant when p<0.01 (two-tailed).gies of freedom were comprised

between 132 and 243 for all regions, between 276dnfbr the PAP region, between 45 and
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124 for the RHP region, between 22 and 57 for Bieegion and between 31 and 63 for the
IS region. Non-significant correlations are indezhin grey, and strong correlationg>(.5 or
<-0.5) are indicated in yellow. As FUCO and HEX weised for Cla size-class calculations,

these variables were not independent and hencelaions not calculated (dash).

Figure Legend

Figure 1 : A. Map of the study area with stations sampled aain currents theoretical
position according to literature. NAW: North AtlamtWaters; MNAW : Modified North
Atlantic Waters; NAC: North Atlantic Current; CSContinental Slope Current; NIIC: North
Icelandic Irminger Current; IC: Irminger CurrentGE: East Greenland Current; FC: Faroe
Current. B. Transect topography plotted using ORwid depth of the CTDs along the
transect. C. T-S diagram of the water masses batWeand 200 m for the 37 stations
sampled.

Figure 2 : Vertical sections of temperature (°C) (A) andrsg} (B) vs latitude and bottom
topography. The main regions are the Porcupine #dlyBlain (PAP), the Rockall-Hatton
Plateau (RHP), the Icelandic Basin (IB) and Icelai@helf (IS).

Figure 3 : Depths of the euphotic zone41% light level), mixed layer (£ and nitracline
(Zn) vs latitude and bottom topography.

Figure 4 : Vertical sections of A. Dissolved silicic acid $i), B. Dissolved inorganic
nitrogen (NQ+NO,) (DIN) and C. Dissolved inorganic phosphorus (DiPJuM vs latitude
and bottom topography.

Figure5: Vertical sections of A. Dissolved Si:N ratios (imaol), B. Dissolved N:P ratios

(mol:mol) vs latitude and bottom topography.
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Figure 6 : Surface trace metals concentrations averageddgns (PAP, RHP, IB and IS)
and averaged for the entire data set (All dataPi&solved trace metal concentrations, B.
Particulate trace metal concentrations, C. Intiatzeltrace metal concentrations.

Figure 7 : Vertical sections of A. Particulate Organic Cari®OC), B. Particulate Organic
Nitrogen (PON), C. Particulate Organic PhosphoR@R) in pmol [} vs latitude and bottom
topography.

Figure 8 : Vertical sections of A. Total Chlorophyla (TChla) in ng L B.
19'Hexanoyloxyfucoxanthin  (HEX) C. Fucoxanthin (FUCO) in ng 1 D.
Fucoxanthin:19'Hexanoyloxyfucoxanthin ratio (FUC@M) (weight:weight) vs latitude and
bottom topography.

Figure 9 : Vertical sections of A. Particulate Inorganic Gam (PIC), B. Biogenic Silica
(BSi) in pmol L, C. Coccolithophore cell counts (cells fjLand taxonomic information at
selected PIC maxima vs latitude and bottom topdgrap

Figure 10 : Vertical section of Transparent Exopolymer Rées8 (TEP) in Gum Xanthan
equivalent per Liter (g Xeq1) vs latitude and bottom topography.

Figure 11 : 0-200 m integrated region averages of A. Biogesilica €BSi) and Particulate
Inorganic Carbon XPIC) in mmol n¥, B. Fucoxanthin YFUCO) and
19'Hexanoyloxyfucoxanthin{HEC) in mg n¥, C. Particulate Organic CarboBROC) in
mmol m? and Total Chlorophyk (ETChla) in mg m.

Figure 12 : Surface monthly satellite MODIS Gh{A-D) and calcite (E-H) images obtained

from the Level 3 browser ahttp://oceancolor.gsfc.nasa.gofdr 2005. The black line

indicates the cruise track and the framed images(CG) the cruise sampling period (June).
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Tablel

Ze m n
PAP 56 +12m 23+10m 48 £+ 24 m
RHP 30+5m 29+8m 23+9m
IB 28+9m 30+9m 20+£10m
IS 21+4m 26 +8m 24+6m
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1204 Table2

1205
1206

DSi DIN DIP NH; FUCO HEX TEP POC PON POP PIC BS TChla

BSi ns ns ns 0,279 0,794 0,234 0,623 0,463 0,412 0,520 0,306 - 0,607
— Fuco -0289 -0,358 -0,316 0,185 - 0,61 0,801 0,698 0,677 0,799 0,428 0,794 0,921
< PIC ns ns ns ns 0,428 ns 0,396 0,285 0,280 0,390 - 0,306 0,420
HEX -0,507 -0,391 -0,386 ns 0,615 - 0,580 0,729 0,679 0,670 ns 0,234 0,746
BS  -0,343 ns ns 0,404 059 0,129 ns ns ns 0,308 ns - ns
n Fuco -0,684 -0545 0,478 ns - 0,876 0,478 0,860 0,838 0,778 ns 0,599 0,904
& PIC ns ns ns ns ns ns ns ns ns ns - ns ns
HEX -0818 -0,728 -0677  ns 0,876 - 0655 0777 0827 0834 ns ns 0949
BSi -0,562 ns -0,406 ns 0,802 0,579 0,490 0,640 0,532 0,646 ns - 0,630
o Fuco -0,793 -0,675 -0,567 ns - 0,871 0,722 0,733 0,620 0,827 0,381 0,802 0,906
é PIC ns ns ns ns 0,381 ns ns ns ns ns - ns 0,396
HEX -0,740 -0,713 -0,638 ns 0,871 - 0,830 0,862 0,772 0,874 ns 0,579 0,944
BS -0,505 ns -0,371 ns 0,746 0,431 0,647 0,391 ns 0,366 ns - 0,464
o Fuco -0,511 ns -0,439 ns - 0,846 0,893 0,785 0,734 0,709 ns 0,746 0,890
PIC ns ns ns ns ns ns ns ns ns 0,652 - ns 0,540
HEX -0,560 -0,494 -0,605 ns 0,846 - 0,855 0,907 0,899 0,845 ns 0,431 0,974
BSi ns ns ns ns 0,563 ns 0,536 ns ns 0,423 ns - 0,545
i Fuco -0,438 -0,561 -0,598 ns - ns 0,670 0,692 0,649 0,815 ns 0,563 0,950
PIC ns ns ns ns ns ns ns ns ns ns - ns ns
HEX -0,417 -0,494 ns -0,547 ns - 0,404 0,434 0,424 ns ns ns ns
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