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Abstract 39 

 The late stage of the North East Atlantic (NEA) spring bloom was investigated 40 

during June 2005 along a transect section from 45 to 66°N between 15 and 20°W in order to 41 

characterize the contribution of siliceous and calcareous phytoplankton groups and describe 42 

their distribution in relation to environmental factors. We measured several biogeochemical 43 

parameters such as nutrients, surface trace metals, algal pigments, biogenic silica (BSi), 44 

particulate inorganic carbon (PIC) or calcium carbonate, particulate organic carbon, nitrogen 45 

and phosphorus (POC, PON and POP respectively), as well as transparent exopolymer 46 

particles (TEP). Results were compared with other studies undertaken in this area since the 47 

JGOFS NABE program. Characteristics of the spring bloom generally agreed well with the 48 

accepted scenario for the development of the autotrophic community. The NEA seasonal 49 

diatom bloom was in the late stages when we sampled the area and diatoms were constrained 50 

to the northern part of our transect, over the Icelandic Basin (IB) and Icelandic Shelf (IS). 51 

Coccolithophores dominated the phytoplankton community, with a large distribution over the 52 

Rockall-Hatton Plateau (RHP) and IB. The Porcupine Abyssal Plain (PAP) region at the 53 

southern end of our transect was the region with the lowest biomass, as demonstrated by very 54 

low Chla concentrations and a community dominated by picophytoplankton. Early depletion 55 

of dissolved silicic acid (DSi) and increased stratification of the surface layer most likely 56 

triggered the end of the diatom bloom, leading to coccolithophore dominance. The chronic Si 57 

deficiency observed in the NEA could be linked to moderate Fe limitation, which increases 58 

the efficiency of the Si pump. TEP closely mirrored the distribution of both biogenic silica at 59 

depth and prymnesiophytes in the surface layer suggesting the sedimentation of the diatom 60 

bloom in the form of aggregates, but the relative contribution of diatoms and coccolithophores 61 

to carbon export in this area still needs to be resolved. 62 
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1 Introduction 63 

 The North Atlantic is an important seasonal sink for atmospheric CO2 through 64 

intense convection of cold surface waters and elevated primary productivity during spring 65 

(Watson et al., 1991). It also appears to be a large sink for anthropogenic CO2 (Gruber, 1996). 66 

The NABE (North Atlantic spring Bloom Experiment) program (1989 & 1990) showed that 67 

CO2 variability was strongly related to the phytoplankton bloom dynamics (Ducklow and 68 

Harris, 1993).  69 

 The spring bloom starts to develop following surface warming and stratification in 70 

March-April, and benefits from the large nutrient stocks available following the intense winter 71 

convective mixing of surface waters. It propagates northward as surface stratification 72 

progresses in what has been described as a rolling green patchwork, strongly riddled by 73 

mesoscale and eddy activity (Robinson et al., 1993). A proposed mechanism for the spring 74 

bloom in the North East Atlantic (NEA) involves a rapid diatom growth and dominance in the 75 

early spring, followed by a more diverse community of prymnesiophytes, cyanobacteria, 76 

dinoflagellates and green algae later in the season (Sieracki et al., 1993).  77 

 At high latitudes, the NEA is also the site of one of the largest coccolithophore 78 

blooms observed anywhere in the ocean. Satellite imagery annually reveals extensive 79 

coccolithophore blooms in surface waters between 50 and 63°N as well as on the Icelandic 80 

shelf (Holligan et al., 1993; Brown and Yoder, 1994; Balch et al., 1996; Iglesias-Rodriguez et 81 

al., 2002). It has been hypothesized that the coccolithophore bloom frequently follows the 82 

diatom bloom as the growing season progresses. Progressively more stratified surface waters 83 

receive stronger irradiances with correspondingly more severe nutrient limitation. 84 

Coccolithophores have higher half-saturation constants for dissolved inorganic nitrogen (DIN) 85 

and phosphorus (DIP) compared to diatoms (Eppley et al., 1969; Iglesias-Rodriguez et al., 86 

2002), and their ability to utilize a wide variety of organic nitrogen or phosphorus sources 87 
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(Benner and Passow, in rev.) has been invoked as major factors leading to this succession in 88 

surface waters.  89 

 Dissolved silicic acid (DSi) availability is also thought to play a major role in 90 

phytoplankton community succession. Recurrent DSi depletion has been observed in the NEA 91 

during the NABE (1989) and POMME (2001) programs (Lochte et al., 1993; Sieracki et al., 92 

1993; Leblanc et al., 2005). In these studies during the phytoplankton bloom, DIN stocks were 93 

still plentiful while DSi was almost depleted due to diatom uptake in early spring. Thus, the 94 

stoichiometry of initially available nutrients following winter deep mixing likely plays a 95 

crucial role in the structural development of the spring bloom, which feeds back on the 96 

availability of nutrients in the mixed layer (Moutin and Raimbault, 2002). 97 

 The partitioning of primary production between calcifiers and silicifiers is of major 98 

importance for the efficiency of the biological pump. Both CaCO3 and SiO2 act as ballast 99 

minerals, but their differential impact on C fluxes to depth is still a matter of debate (Boyd 100 

and Trull, 2007). The efficiency of the biological pump is also largely a matter of packaging 101 

of sinking material, e.g. in faecal pellets or as aggregates with varying transparent exopolymer 102 

particles (TEP) contents. TEP are less dense than seawater and consequently higher 103 

concentrations of TEP result in decreased sinking velocities (Passow, 2004). 104 

 The objectives of the NASB 2005 (North Atlantic Spring Bloom) program was to 105 

describe the phytoplankton blooms in the NEA during June 2005 and identify the relative 106 

contribution of the two main phytoplankton groups producing biominerals, namely diatoms 107 

and coccolithophores, which are thought to play a major role in carbon export to depth. Their 108 

distribution in the mixed layer and the strong latitudinal gradients observed along the 20°W 109 

meridian from the Azores to Iceland are discussed in relation to nutrient and light availability 110 

as well as water column stratification.  111 
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 Our results are compared and contrasted with previous studies carried out in this 112 

sector [BIOTRANS 1988 (Williams and Claustre, 1991), NABE 1989 (Ducklow and Harris, 113 

1993), PRIME 1996 (Savidge and Williams, 2001), POMME 2001 (Mémery et al., 2005), 114 

AMT (Aiken and Bale, 2000)] and we discuss whether a clear scenario for the NEA 115 

spring/summer bloom can be proposed. Our data set is used to ask several key questions about 116 

this biogeochemically critical part of the ocean: are the coccolithophore blooms often 117 

indicated by the large calcite patches seen in satellite images a major component of the 118 

phytoplankton bloom in the NEA ? Which environmental factors can best explain the relative 119 

dominance of coccolithophores vs diatoms in this high latitude environment ? What causes 120 

recurrent silicic acid depletion in the NEA and what are the potential consequences for 121 

phytoplankton composition and carbon export ? We addressed these questions by 122 

investigating the distribution of the major biogeochemical parameters such as particulate opal, 123 

calcite, algal pigments, particulate organic carbon (POC), nitrogen (PON) and phosphorus 124 

(POP) as well as TEP concentrations in relation to environmental factors such as light, 125 

nutrients and trace metals along a transect near the 20°W meridian between the Azores and 126 

Iceland.   127 

 128 

2 Material and methods 129 

2.1 Study area 130 

 The NASB 2005 (North Atlantic Spring Bloom) transect was conducted on the R/V 131 

Seaward Johnson II in the NEA Ocean between June 6th and July 3rd 2005. The cruise track 132 

was located between 15°W and 25°W, starting at 45°N north of the Azores Islands and ending 133 

at 66.5°N west of Iceland (Fig.1A). The South-North transect was initially intended to track 134 

the 20°W meridian but included several deviations in order to follow real-time satellite 135 

information locating major coccolithophore blooms and calcite patches. Ship-board CO2, 136 
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temperature and nutrient perturbation experiments accompanied the field measurements 137 

presented here (companion papers: Feng et al., Rose et al., Lee et al., in rev; Benner et al., in 138 

prep.).  139 

 140 

2.2 Sample collection and analysis 141 

2.2.1 Hydrographic data 142 

 CTD casts from the surface to 200 m depths were performed at 37 stations along the 143 

transect to emphasize biogeochemical processes in the surface layer. Physical characteristics 144 

of the surface water will be included in a description of the main water masses present in the 145 

area. Surface water can greatly influence biological processes and their characteristics help 146 

determine the location of fronts, eddies, vertical stratification and hydrological provinces that 147 

were crossed. Water samples were collected using 10 L Niskin bottles on a rosette, mounted 148 

with a Seabird 9+ CTD equipped with photosynthetically active radiation (PAR), fluorescence 149 

and oxygen detectors. Surface trace metal samples were collected using a surface towed 150 

pumped “fish” system (Hutchins et al., 1998). Topographical information and section plots 151 

were obtained using ODV software (Schlitzer, R., Ocean Data View, http://odv.awi.de, 2007). 152 

The depths of the mixed layer (Zm) and the nutricline (Zn) were determined as the depth of the 153 

strongest gradient in density and dissolved inorganic nitrogen (DIN) respectively between two 154 

measurements between the surface and 200 m. Treated CTD density data averaged every 0.5 155 

m were used for the calculation of Zm, while nutrient data collected at 12 depths on average 156 

with Niskin bottles were used to compute Zn over the 0-200 m layer. At the highest 157 

concentration gradient identified between to Niskin measurements, Zn was determined as the 158 

depth of the upper bottle. The euphotic depth (Ze) was calculated as the 1% light level using 159 

CTD PAR data averaged every 0.5 m. 160 

 161 
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2.2.2 Dissolved nutrients and trace metals 162 

 Concentrations of DIN (nitrate+nitrite), DIP and DSi were determined 163 

colorimetrically on whole water samples by standard autoanalyzer techniques (Futura 164 

continuous flow analyzer, Alliance Instruments) as soon as the samples were collected at each 165 

station. Near-surface water samples (~10 m depth) for trace metal analysis were collected 166 

with a pump system using an all-Teflon diaphragm pump (Bruiser) and PFA Teflon tubing 167 

attached to a weighted PVC fish (Hutchins et al., 1998). The tubing was deployed from a 168 

boom off the side of the ship outside of the wake, and samples were collected as the ship 169 

moved forward into clean water at approximately 5 knots. After flushing the tubing well, a 50 170 

L polyethylene carboy was filled in a clean van and used for subsampling under HEPA-171 

filtered air (removing particles above 0.3 µm diameter). All sampling equipment was 172 

exhaustively acid-washed, and trace-metal clean handling techniques were adhered to 173 

throughout (Bruland et al., 1979). One-liter samples were filtered though 0.22 µm pore size 174 

polypropylene Calyx capsule filters into low-density polyethylene bottles, and acidified to pH 175 

<2 with ultrapure HCl after conclusion of the cruise. Dissolved metals were preconcentrated 176 

from 250 mL seawater using APDC/DDDC organic solvent extraction (Bruland et al., 1979). 177 

Chloroform extracts were brought to dryness, oxidized with multiple aliquots of concentrated 178 

ultrapure HNO3, dried again, and reconstituted with 2 mL of 1N ultrapure HNO3. Samples for 179 

particulate and intracellular metals were collected onto 2 µm polycarbonate filter membranes 180 

held in polypropylene filter sandwiches. For intracellular metals determination, cells retained 181 

by the filters were washed with 5 mL of an oxalate solution to remove surface-adsorbed 182 

metals (Tovar-Sanchez et al., 2003), and rinsed with filtered, Chelex-cleaned seawater (Tang 183 

and Morel, 2006). Material on the total and intracellular particulate filters was digested at 184 

room temperature with 2 mL ultrapure aqua regia and 50 µL HF. Concentrated acids were 185 

evaporated to near dryness and reconstituted with 2 mL of 1N ultrapure HNO3. Dissolved and 186 
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particulate metal extracts were analyzed by direct injection ICP-MS (ThermoFisher 187 

Element2) following 10-fold dilution, with indium as an internal standard. 188 

 189 

2.2.3 Particulate matter distribution 190 

 PIC, POC and PON: Water samples (400 mL) were filtered onto precombusted glass 191 

fibre filters (Whatman GF/F) and dried at 50°C. At the laboratory, filters were HCl fumed for 192 

4h in a desiccator, redried in an oven at 60°C (Lorrain et al., 2003) and measured on a Carlos 193 

Erba Strumentazione Nitrogen Analyzer 1500 to determine POC and PON concentrations. A 194 

duplicate of each sample was run directly without fuming to obtain Total Particulate Carbon 195 

(TPC). PIC concentrations were calculated from the difference between TPC and POC. 196 

 POP: Between 750 mL and 1 L samples were filtered onto precombusted glass fibre 197 

filters (Whatman GF/F) and rinsed with 2 mL of 0.17 M Na2SO4. The filters were then placed 198 

in 20 mL precombusted borosilicate scintillation vials with 2 mL of 17 mM MnSO4. The vials 199 

were covered with aluminium foil, dried at 95°C, and stored in a desiccator until analysis. The 200 

vials were combusted at 450°C for 2h, and after cooling 5 mL of 0.2 N HCl were added to 201 

each vial for final analysis. Vials were tightly capped and heated at 80°C for 30 min to digest 202 

POP into inorganic phosphorus. The digested POP samples were analyzed with the standard 203 

molybdate colorimetric method (Solorzano and Sharp, 1980). 204 

 BSi (Biogenic Silica): Samples for biogenic silica measurements (1 L) were filtered 205 

onto polycarbonate filters (0.6 µm, 47 mm) and stored in plastic Petri dishes. Filters were 206 

dried at 60°C for 24 h and then stored at room temperature. Samples were analyzed for 207 

biogenic silica following the digestion of silica in hot 0.2 N NaOH for 45 min (Nelson et al., 208 

1989). 209 

 TEP: Between 150 mL (surface) and 400 mL (at depth) samples were filtered onto 210 

0.4 µm polycarbonate filters and directly stained with Alcian blue. Three replicates per depth 211 
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and six replicate blanks per day were prepared. Stained filters were frozen until analysis or 212 

analyzed directly according to Passow and Alldredge (1995). Briefly, filters were soaked in 213 

6 mL 80 % H2SO4. After 2 to 8 h the absorption of the resulting solution was measured 214 

colorimetrically at 787 nm in a 1 cm cuvette. Gum Xanthan was used for calibration, thus this 215 

method compares the staining capability of TEP to that of Gum Xanthan and values are 216 

expressed as Gum Xanthan equivalent per L (µg Xeq.L-1). 217 

2.2.4 Taxonomic information 218 

 Pigments: Water samples (1 L) were filtered onto glass fibre filters (Whatman GF/F) 219 

and stored in liquid nitrogen until analysis. Samples were analyzed on an Agilent 1100 HPLC 220 

(High Performance Liquid Chromatography) system with diode array and fluorescence 221 

detection. Elution gradients and protocols were described in detail elsewhere (DiTullio and 222 

Geesey, 2002).  223 

 Coccolithophore cell counts: Water samples of 400 mL were filtered onto cellulose 224 

nitrate filters (0.45 µm, 47 mm) and dried at 50°C for coccolithophore cell counts. Pieces of 225 

the filters were sputter-coated with gold-palladium and imaged with a Philips XL-30 digital 226 

scanning field-emission electron microscope (SEM). Coccolithophores were counted from 227 

SEM images and coccolithophores L-1 were calculated from counts, counting area, filter area 228 

and filtered volume. Coccolithophores were only counted at selected depths at sites of 229 

elevated PIC concentrations (St. 10, 12, 19, 23, 29, 31, 33, 34). 230 

 231 

2.2.5 Satellite images 232 

 Monthly satellite MODIS Chla and calcite composite images were obtained from the 233 

Level 3 browser available on the NASA Ocean Biology Processing Group website 234 

(http://oceancolor.gsfc.nasa.gov/). 235 

 236 
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2.2.6 Statistical correlation analyses 237 

 A non-parametric two-tailed Spearman Rank correlation coefficient was used as a 238 

measure of correlation between the main biogeochemical parameters as the criterion of 239 

normal distribution was not met for any of them. 240 

 241 

3 Results 242 

3.1 Hydrographic data 243 

3.1.1 Topography 244 

 The transect running east of the Mid-Atlantic Ridge, started with stations 1 to 12  245 

located in the Porcupine Abyssal Plain (PAP), one of the deeper regions of the Atlantic Ocean 246 

(4000 to 5000 m) (Fig.1A and 1B). St.13 to 23 were sampled above the Rockall-Hatton 247 

Plateau (RHP), which rises to between 300 and 1200 m. St.24 to 30 were located above the 248 

deep Icelandic Basin (IB) (3000 m) while the transect ended over the Icelandic shelf (IS) in 249 

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

 251 

3.1.2 Circulation 252 

  The general surface circulation pattern is depicted in Figure 1A according to Hansen 253 

and Østerhus (2000), Otto and Van Aken (1996) and Krauss (1986). Some caution in 254 

interpreting these surface currents is necessary, as the direction and flow of the diverse 255 

branches of the North Atlantic Current (NAC) are still a matter of debate and show large 256 

interannual variability. However, the near surface layers that were sampled during this cruise 257 

can be characterized by a mean north-eastward flow in the eastern part of the NA. To the 258 

South, the Azores Current (AC) separates in a more southeastwardly drift close to the 45˚N 259 

parallel (Krauss, 1986). The NAC enters the northeastern Atlantic, crossing over the Mid-260 

Atlantic Ridge and is diverted into several branches. The major NAC branch flows northward 261 
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and is further split into two branches, one crossing the ridge south west of Iceland to become 262 

the Irminger Current (IC) and the other flowing through the southern part of the IB over the 263 

RHP and towards the Farøes. Part of that second branch can recirculate in a cyclonic gyre 264 

over the IB and along the Mid-Atlantic Ridge. The westernmost Atlantic waters that flow into 265 

the Denmark Strait between Iceland and Greenland are usually termed the North Icelandic 266 

Irminger Current (NIIC), in probable continuity with the IC. The main NAC carries relatively 267 

warm and saline waters from the open North Atlantic to the RHP, and is bounded by a frontal 268 

jet between the RHP and the IB. According to Hansen and Østerhus (2000), the NAC flow is 269 

probably broad and diffuse while it approaches the RHP and narrows over the slope region. 270 

Recirculating flow along the plateau slope is hypothesized, but despite uncertainties about the 271 

circulation features above the RHP, the main trajectory of the NAC is north-eastward. NA 272 

waters originating from the Armorican Slope off the coast of France are diverted northward 273 

following the continental slope and form the Continental Slope Current (CSC).  274 

 275 

3.1.3 Water masses 276 

 From the T-S diagram of the 0-200 m layer (Fig.1C), St.1 to 5 show elevated salinity 277 

values (>35.5) which could indicate North Atlantic Waters (NAW) originating from the slope 278 

rather than the influence of Modified North Atlantic Waters (MNAW), which is usually 279 

characterized by lower salinities (St.6 to 33). Elevated salinity values of the NAW originating 280 

from the Armorican Slope may be a result of either mixing with Mediterranean waters or 281 

winter cooling, but this is still a matter of debate (Hansen and Østerhus, 2000). As the latitude 282 

increases, water masses become progressively fresher and cooler, and the first clear signature 283 

of Polar Waters (PW) is seen at the northernmost station (St.37), with a surface salinity <33.5 284 

and surface temperature as low as 2˚C. 285 

 286 
3.1.4 Main hydrological features 287 



13 
 

  Temperature and salinity profiles overlain with isopycnals are presented in Figure 288 

2A and 2B. The southern end of the transect, from St.1 to 13, was sampled over the PAP and 289 

was characterized by warm surface waters (0-200 m) ranging from 11 to 15˚C and high 290 

salinities (>35.4). A core of highly saline waters (>36) was observed at St.4 between 150 and 291 

200 m and may reflect an influence of Mediterranean outflow waters. A first frontal structure  292 

was crossed at 55.5°N at St.14 while entering the RHP, as evidenced by a steepening of the 293 

10-11°C isotherms and of the 27.2 isopycnal, along the steep shoaling of the bottom isobaths. 294 

St.14 to 23, located over the RHP, were characterized by colder (<11˚C) water invasions 295 

below 50 m. Stations 26 to 30 were sampled over the IB but presented similar vertical profiles 296 

to the stations over the RHP. Stations 24 and 25, located above the northern slope of the RHP 297 

exhibited a slight upwelling of cooler waters (<11˚N) to the surface. From the circulation 298 

scheme proposed in Figure 1, it can be hypothesized that St.24-25 may be on the main NAC 299 

trajectory exiting the RHP. The vertical temperature and density profiles between St.26 and 300 

30 exhibited an eddy-like structure, with a deepening of the isolines at the centre of this 301 

section.  302 

 A second frontal structure was identified between St.30 and 31 (61.6° to 63.2°N), 303 

with a sharp deepening of the 9.5˚C temperature and the 27.4 density isolines. Stations 31 to 304 

37 were located over the IS and the last two stations (36-37) were characterized by a clear 305 

influence of colder (2˚C), fresher waters (salinity 34.4) from the retreat of melting sea ice. 306 

The water masses encountered between St.31 and 35 may still be characterized as MNAW 307 

according to Hansen and Østerhus (2000), which are defined by temperatures ranging from 7 308 

to 8.5˚C and salinities between 35.1 and 35.3 over the Greenland-Scotland ridge. 309 

 310 

3.1.5 Mixed layer, euphotic zone and nutricline dep th 311 
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 The depths of the mixed layer (Zm), the euphotic layer (Ze) and the nutricline (Zn) are 312 

presented in Figure 3. Average Zm, Ze and Zn depths for each region are summarized in Table 313 

1. The deepest euphotic layers were observed over the PAP, between 45 and 55°N, with an 314 

average depth of 56 m. Ze depths were shallower in the three northernmost regions (RHP, IB, 315 

IS), ranging between 21 and 28 m on average. There were no significant differences in the Zm 316 

depths over the whole transect, with a shallow summer stratification signature observed 317 

between 23 and 30 m for all regions. The depths of the nutricline (calculated from DIN 318 

vertical profiles) were deeper in the PAP region, with an average value of 56 m, but with 319 

substantial variability between stations (from 10 to 80 m). Zn was shallower in the three 320 

northernmost regions, with an average value between 20 and 24 m and little variability 321 

between stations (from 10 to 40 m).  While Zn depths were calculated from bottle data spaced 322 

every 5 to 20m, Zm and Ze were calculated from CTD data averaged every 0.5 m. Hence, no 323 

significant correlations can be calculated between Zm and Zn. 324 

 325 

3.2 Nutrients and trace metal distributions 326 

3.2.1 Major nutrients (Si, N, P) vertical distribut ion  327 

 The vertical distributions of DSi, DIN and DIP are presented along the study transect 328 

in Figure 4. For all nutrients, a progressive shoaling of isolines towards the North was 329 

observed. The PAP was the most nutrient depleted region in early June, with DSi 330 

concentrations in surface waters as low as 0.2 µM at 46°N (St.2) and between 50 and 52°N 331 

(St.6 to 10). The 1 µM isoline was as deep as 100 m at the southern end of the transect and 332 

rose to the surface at both frontal structures, while remaining in the upper 30 m over the rest 333 

of the transect. In general, surface waters were severely Si depleted while there was a constant 334 

increase in the deeper water DSi content going from South to North. A similar distribution 335 

pattern was observed for DIN and DIP, which were again most depleted in the surface layer in 336 
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the PAP region and over the IS. DIN concentrations remained between 2 and 4 µM in the 337 

upper 50 m in the PAP, but decreased to 1 µM at the three northernmost stations west of 338 

Iceland in the upper 25 m. DIP levels were below 0.2 µM in the mixed layer in the PAP as 339 

well as in the IS. Differing from DSi distribution, DIN and DIP were not as severely depleted 340 

over the RHP and the IB. All nutrient concentrations increased at the surface at the locations 341 

of the two frontal structures at 55°N (St.13) and 63.2°N (St.31) (Fig.2). Furthermore, a 342 

deepening of nutrient concentration isolines observed at 60°N over the IS, also seen in the 343 

density plots (Fig.2), may indicate the presence of an anticyclonic eddy. 344 

 Nutrient ratios are presented in Figure 5. The DSi:DIN plot (Fig.5A) illustrates the 345 

severe Si depletion of the 0-200 m surface layer from 45°N to 64.5°N. DSi:DIN ratios in this 346 

region were well below 0.2-0.3 and close to 0 at several stations (2, 6, 7, 23 and 24). In the 347 

100-200 m layers in the northern part of the transect DSi:DIN ratios were still below 0.4. DSi 348 

only exceeded DIN concentrations at the near surface at two IS stations (St.35, 37). DIN:DIP 349 

ratios were on average close to 15 over the central section of the transect, from 47.5° to 63°N, 350 

but exhibited higher values at the southern end of the transect (St.2), with DIN:DIP ratios 351 

reaching 43 at 46°N (St.2) in the PAP. DIN:DIP ratios up to 40 were also observed in the 352 

upper 50 m over the IS at 64.5°N (St.34). 353 

 354 

3.2.2 Surface trace metal distribution 355 

 Trace metal concentrations in the dissolved, total particulate and intracellular 356 

fractions are shown in Figure 6, with metal elements ranked in order of increasing average 357 

concentrations for the whole transect. In the dissolved fraction, silver (Ag), cobalt (Co) and 358 

lead (Pb) were in the picomolar range (Fig.6A). Cobalt average concentration in surface 359 

waters was 28.6 ± 13.6 pM for the whole transect, but averages for each of the hydrographic 360 

regions showed a constant increase from South to North, with the lowest values in the PAP 361 



16 
 

and the highest above the IS. Cadmium (Cd), iron (Fe), zinc (Zn) and copper (Cu) 362 

concentrations were fairly similar and in the nanomolar range, with respective average surface 363 

concentrations over the transect of 0.7, 0.8, 1.0 and 1.1 nM. Fe surface concentrations were 364 

slightly higher over the IS (1.0 nM) and the PAP (0.8 nM), while Zn concentrations were 365 

highest in the PAP (2.4 nM) but were highly variable. Both copper and nickel concentrations 366 

were highest in the PAP (1.4 and 5.7 nM respectively). Vanadium (V) and molybdenum (Mo) 367 

were the most abundant dissolved metals, with average concentrations of 25.5 and 123.3 nM 368 

respectively and little variability between regions. 369 

 Total particulate metal concentrations showed a fairly distinct distribution pattern, 370 

with the most abundant elements being Cu, Fe and Zn, which were in the nanomolar range 371 

(Fig.6B). Particulate Cu concentrations were lowest and exhibited low variability from South 372 

to North (0.1 ± 0.3 nM), while particulate Fe concentrations increased dramatically from 373 

South to North, from 0.4 nM in the PAP to 6.2 nM over the IS. Particulate Zn concentrations 374 

were elevated and highly variable (53.1 ± 80.1 nM) and also increased strongly from the PAP 375 

(5.1 nM) to the IB (109.6 nM), but unlike Fe, decreased again over the IS (51.7 ± 8.2 nM). All 376 

other particulate trace metals were in the picomolar range. Some exhibited a steady increase 377 

northward similar to Fe (Mo, Ni and Mn), while some increased from the PAP to the IB but 378 

decreased again over the IS, similar to Zn (Cd and V).  379 

 Intracellular metal concentrations for most elements were lower than dissolved or 380 

total particulate concentrations and were found in the picomolar range (Fig.6C). Intracellular 381 

Co and Cd concentrations were very low (3.1 ± 2.7 pM and 8.8 ± 8.1 pM respectively), while 382 

Cu and Mn showed a strong increase over the IS with 165.4 and 181.6 pM respectively. 383 

Intracellular Fe and Zn were the only elements found in the nanomolar range, with overall 384 

average concentrations of 1.3 nM and 6.3 nM respectively. Intracellular P from the ICP-MS 385 

analyses is indicated as well to show the evolution of biomass over each region, which 386 
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resembles some trace metals patterns of increase from the PAP to the IB and decrease over 387 

the IS. 388 

 389 

3.3 Particulate matter distribution 390 

3.3.1 Particulate organic C, N and P 391 

 POC and PON were tightly correlated (r=0.99), and the average C:N molar ratio was 392 

5.92 (data not shown), slightly lower than the Redfield ratio (C:N=6.6). PON and POP were 393 

less well correlated (r=0.86), but the average N:P ratio for all data was 16.05 (data not 394 

shown), very close to the Redfield ratio (N:P=16). As a general trend, latitudinal transects of 395 

POC, PON and POP (Fig.7A, B, C) revealed a smaller accumulation of biomass in the PAP 396 

region and an increase in concentrations northward, with a maximal accumulation of biomass 397 

at the surface around 59.5°N (St.23) at the transition between the RHP and IB. Biomass in 398 

terms of POC and PON were slightly lower over the IS, while some variability was observed 399 

for the POP section with two other concentrations maxima at 50°N (St.6) and 65°N (St.35).  400 

3.3.2 Pigment distribution  401 

 The total Chla (TChla), FUCO and HEX, and FUCO:HEX vertical distributions are 402 

presented in Figure 8. The maximum TChla concentration was observed at the northern end 403 

of the transect at 66°N over the IS, with 7.4 µg L-1 at 25 m (Fig.8A). Two smaller TChla 404 

peaks were observed at 63.2°N and at 59.5°N with 2.8 and 2.6 µg L-1 respectively. The 405 

distribution of TChla showed a regular increase northward as well as a steady deepening of 406 

isolines. The 0.1 µg L-1 isoline shoaled at 10 m between 52.5 and 56 °N, while reaching 50 m 407 

over the IS at 66°N.  408 

 The two most abundant pigments measured other than Chla over the transect were 409 

19’Hexanoyloxyfucoxanthin (HEX) and fucoxanthin (FUCO). Their vertical distributions are 410 

represented in Figure 8B and C and the FUCO:HEX ratio in Figure 8D. HEX is a diagnostic 411 
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pigment for prymnesiophytes, including coccolithophores and Phaeocystis spp., both of which 412 

were abundant along the transect based on onboard microscopic observations. HEX was the 413 

second most abundant pigment measured and was particularly abundant over the RHP and 414 

part of the IB, between 55 and 61.6°N, with a surface maximum value of 1.2 µg L-1 located at 415 

59.5°N, close to the northern edge of the RHP. Two secondary peaks were observed in the 416 

southern part of the transect over the PAP, at 50 and 52°N. Fucoxanthin is primarily 417 

indicative of diatoms, but can also be synthesized by other chromophytic algal groups (e.g. 418 

Phaeocystis pouchetii), dinoflagellates and chrysophytes. The southern part of the transect, 419 

from 45 to 56°N had particularly low FUCO concentrations (Fig.10B), which increased 420 

slightly over the northern part of the RHP, with concentrations increasing to between 0.1 and 421 

0.5 µg L-1. An intense subsurface peak of FUCO was centred above the IS, with maximum 422 

values of 3.8 µg L-1 at 25 m at 66°N, while concentrations at the surface remained low 423 

(0.2 µg L-1). At 63.2°N (St.31), a secondary peak of  FUCO was observed and ranged from 424 

0.5 to 0.7 µg L-1 in the upper 30 m. An area of low FUCO concentrations was found over the 425 

IB around 61°N, between the two maxima observed over the RHP and IS. The FUCO:HEX 426 

distribution reveals that HEX was the dominant pigment over most of the transect from the 427 

PAP to the IB, with ratios <1 (Fig.10C). FUCO represents the major pigment over the IS with 428 

a FUCO:HEX ratio as high as 83 at 15 m at 66°N (St.36). The FUCO:HEX ratio is also >1 429 

over the IB below 50 m. 430 

 431 

3.3.4 Distribution of biominerals : BSi (SiO 2), PIC (CaCO3) 432 

 Biominerals representative of siliceous and calcareous phytoplankton are presented 433 

in Figure 9A and B. Particulate Inorganic Carbon (PIC) here indicates the presence of 434 

calcareous organisms such as coccolithophores since pteropods were never observed on the 435 

filters. The PIC distribution over the transect was very patchy, and except for a region of 436 
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lower levels over the PAP between 45 and 50°N, showed no clear trends with latitude 437 

(Fig.9A). The largest accumulation of PIC occurred at the surface at 52°N (St.10), with 11.6 438 

µmol L-1. A secondary maximum was observed over the IB, reaching 10.2 µmol L-1 at 10 m 439 

depth at 63.2°N (St.31). Comparison between the PIC and HEX peaks located at 52°N and 440 

59.5°N shows a good agreement, though discrepancies were found over the rest of the 441 

transect. A notable peak of PIC at 63.2°N (St.31) was not matched by a HEX increase 442 

(Fig.10). In contrast, there were two large HEX peaks centred at 50°N (St.6) and 57°N (St.17) 443 

that did not correspond to high PIC concentrations (Fig.9). Hence, the overall correlation 444 

between PIC and HEX distributions was poor. The poor correlation between HEX and PIC 445 

may be explained by the presence of Phaeocystis pouchetii which was observed in bioassay 446 

experiments (data not shown) or by the presence of naked coccolithophores. 447 

 Biogenic silica distribution was very different from PIC and showed a marked 448 

increase north of 54.2°N (St.11) while the southern part of the transect revealed very low BSi 449 

concentrations (Fig 9B). The first large increase in BSi was observed at 59.5 and 60°N (St.23, 450 

24) with concentrations ranging from 0.75 to 1.27 µmol L-1 in the upper 25 m at these two 451 

stations. A deep BSi maximum was also found over the IB at 60.5°N (St.25), with a peak of 452 

1.08 µmol L-1 at 100 m, extending to 200 m (0.45 µmol L-1). Low BSi concentrations were 453 

again found over part of the IB between 61.04 and 61.43°N (St.27, 29). From 63.2°N (St.31) 454 

and northward, BSi was abundant from the surface to at least 200 m (concentrations below 455 

200 m not measured). Entering the IS, a large BSi accumulation was found at 63.2°N (St.31) 456 

from the surface (0.86 µmol L-1) to the bottom of the profile (0.78 µmol L-1), with a 457 

maximum found as deep as 125 m (1.19 µmol L-1). The highest BSi accumulation of the 458 

transect was centred above the bathymetrical rise located over the IS, from 65 to 66°N (St.35, 459 

36) and reached a maximum concentration of 1.61 µmol L-1 at 25 m at 66°N, while the 460 

surface concentration at this site was moderate (0.38 µmol L-1). At the northernmost station, 461 
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at 66.55°N (St.37), BSi showed an intense surface peak (1.12 µmol L-1 at 15 m), which 462 

decreased sharply below 50 m (<0.16 µmol L-1). Overall, the three stations that presented the 463 

highest BSi concentrations corresponded to increased FUCO levels (at 59.5-60, 63.2 and 464 

66°N), however, FUCO was constrained within the upper 50 m, while BSi extended much 465 

deeper, to at least 200 m, thus correlation was poor in the deeper water column between these 466 

two parameters. 467 

 468 

3.3.5 Other taxonomic information 469 

 A few selected stations were analyzed microscopically for coccolithophore 470 

composition and abundance based on the localization of the PIC maxima. These results are 471 

presented in Figure 9C. Unfortunately, no information could be derived regarding the two 472 

main PIC maxima at 52 and 63.2°N (St.10, 31) as the most abundant species could not be 473 

clearly identified in scanning electron microscopy (SEM), due to a layer of material obscuring 474 

a clear view. The PIC accumulation over the RHP (St.19, 23) can be attributed mainly to the 475 

presence of Emiliania huxleyi which dominated the coccolithophore assemblage numerically, 476 

while the PIC accumulation measured over the IS seems to originate from a bloom of 477 

Syracosphaera spp. Other species such as Gephyrocapsa spp., Coccolithus pelagicus, 478 

Calcidiscus leptoporus and Coronosphaera spp. were also present but in small abundance. 479 

Coccolithus pelagicus was only seen north of 58°N (St.19), while Gephyrocapsa spp. was 480 

only observed south of 61.43°N (St.29). Emiliana huxleyi was the most evenly distributed 481 

species and was observed throughout the transect. Phaeocystis spp. was also observed on 482 

board together with coccolithophores during bioassay experiments. 483 

 484 

3.3.6 TEP distribution 485 
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 TEP distribution is presented in Figure 10. TEP concentrations were lowest at the 486 

southern end of the transect over the PAP, and started to increase from 50°N (St.5) and 487 

northward, with the highest concentrations found at both edges of the IB. Elevated TEP 488 

concentrations were measured at the surface at 55, 59.5 and 63.2°N (St.13, 23, 31), with 489 

concentrations ranging between 300 and 420 µg Xeq.L-1. TEP were mainly found in the upper 490 

50 m layer, but extended to 75 m on two occasions at 60 and 63.2°N (St.24, 31). 491 

 492 

3.4 Integrated data 493 

 Average integrated data of diatom and coccolithophore indicators (BSi, FUCO, PIC, 494 

HEX) and of biomass indicators (TChla and POC) are presented for each provinces in Figure 495 

11. We emphasize that HEX, in addition to being a marker of coccolithophore presence, may 496 

also indicate the presence of Phaeocystis pouchetii during the NASB bloom. Standard 497 

deviation bars are relatively large, highlighting the strong mesoscale variability over the 498 

transect. Integrated BSi ranged from 17.7 to 102.2 mmol m-2 and increased steadily from 499 

South to North (Fig.11A). Integrated PIC was very similar in the three southernmost 500 

provinces, despite patchy profiles, with values ranging from 67.3 to 78.4 mmol m-2 but nearly 501 

doubled over the IS with 135.1 mmol m-2 (Fig.11A). Integrated FUCO was lowest over the 502 

PAP in the south and highest over the IS (from 3.5 to 34.3 mg m-2), but was similar over the 503 

RHP and IB (Fig.11B). Integrated HEX values were lowest over the IS (8.2 mg m-2) and 504 

highest over the RHP (23.7 mg m-2), showing a different distribution pattern than PIC 505 

(Fig.11B). Finally, integrated TChla showed a similar distribution pattern to FUCO, with 506 

lowest values over the PAP (30.7 mg m-2) and highest values over the IS (90.9 mg m-2), while 507 

integrated POC data increased steadily from the PAP to the IB (556 to 1105 mmol m-2), but 508 

decreased again over the IS (802 mmol m-2) (Fig.11C). 509 

 510 
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4 Discussion 511 

4.1 Bloom development – general features 512 

 The North Atlantic bloom started in April south-east of our transect near the 513 

European coasts and developed towards the northwest during May, where the spatial coverage 514 

of the bloom was largest (Fig.12). In June, the highest concentrations of both surface Chla 515 

and calcite were detected, as evidenced by the composite monthly SeaWiFs images (Fig.12C 516 

and 12G). According to these satellite images, surface phytoplankton biomass was lower over 517 

the PAP region, around the southern part of our transect, from 45°N to 52°N (St.1 to 10), 518 

whereas an intense surface accumulation of both Chla and calcite was observed from the 519 

Rockall Hatton Plateau to the Icelandic shelf. Our data (Fig.8A) was in good agreement with 520 

these global features, with low concentrations of Chla in the upper 100 m in the PAP region 521 

then increasing above 1 µg L-1 from approximately 52°N to 66.5°N. The intense Chla 522 

accumulation south of Iceland visible on Figure 12C coincided with the slight increase of 523 

Chla surface concentrations measured at 60°N, but the intense subsurface (25 m) Chla peak 524 

measured on the IS (Fig.8A) was not visible on the satellite imagery, probably due to the 525 

depth of this peak. Indeed, satellites only peer through the near surface to a depth equivalent 526 

to 1/extinction coefficient. Overall, the monthly Chla composite satellite data was very well 527 

matched by our surface Chla data, both in general trends and concentrations. 528 

 The calcite surface distribution was very patchy as shown in the composite image 529 

(Fig.12G) making comparisons with in situ data difficult, but the range of concentrations 530 

observed (between 1 and 10 µmol L-1) was identical to the range of our PIC measurements 531 

(Fig.9A). The relative absence of calcite at the southern end of the transect shown by the 532 

satellite composite was in good agreement with PIC distribution, which was below 1 µmol L-1 533 

on average in this region (south of 50°N). The strong calcite increase visible over the northern 534 

half of the RHP as well as the very large peak observed over the IS were also well reproduced 535 
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by our data. However, the highest PIC concentrations of the IS peak ranged between 2 and 10 536 

µmol L-1, while satellite data showed calcite concentrations close to 30 µmol L-1 over this 537 

area. The weekly composite image from the end of the cruise (26/06/05-03/07/05) 538 

corresponding closest to the sampling period of the IS stations showed reduced calcite levels, 539 

closer to 3 µmol L-1 which is in better agreement with our data. Weekly MODIS composite 540 

images (not shown) reveal that the largest coccolithophore bloom developing west of Iceland 541 

occurred between the end of May and mid-June, and was subsiding by the time we sampled 542 

the IS. It is also known that detached coccoliths can accumulate in the surface layer and that 543 

these particles have a very high reflective index, which may bias satellite estimations. We 544 

emphasize that comparing satellite images to in situ data is not trivial and that monthly 545 

composites cannot be expected to represent local sites sampled during the cruise.  However, 546 

weekly images were too obscured by cloud cover to be useful. Our point is to show that 547 

despite potential large meso-scale features, the general trends of surface Chla and calcite 548 

measured during the cruise in terms of range of concentrations and main features could be 549 

reflected by composite satellite images. Furthermore, we show in the following section that in 550 

situ PIC and HEX data were poorly correlated, which suggest that satellite calcite data cannot 551 

be directly converted to coccolithophore abundance. Our cruise transect, sampled over a 552 

month, represents the South-North variability of different biological and hydrological 553 

provinces but also integrates the bloom temporal propagation northward. Thus, regional 554 

comparisons described below account for both spatial and temporal variability, and cannot be 555 

considered a true synoptic view of a bloom situation. Furthermore, care must be taken in 556 

extrapolating surface Chla data, which are often poorly correlated to water column integrated 557 

data, as was shown by Gibb et al. (2001) who demonstrated that conclusions derived from 558 

latitudinal differences in surface Chla were opposite to those derived from integrated Chla 559 

data.  560 
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4.2 Community structure and characteristics of the NEA phytoplankton bloom  561 

 We first present a short non-exhaustive synthesis of previous cruises carried out in 562 

the same area during spring in order to summarize the main characteristics of the 563 

spring/summer phytoplankton blooms, before comparing these studies with our results. The 564 

Biotrans site (at 47°N, 20°W) characterized pigments between the end of June to mid July 565 

1988 revealing that HEX (prymnesiophytes) was the dominant pigment for the nanoplankton 566 

size fraction while PERI (dinoflagellates) was the major pigment in the microplankton size 567 

class (Williams and Claustre, 1991). Relatively non-degraded prymnesiophyte pigments were 568 

observed at depth, suggesting aggregation and subsequent rapid sedimentation of 569 

prymnesiophytes. One year later, Llewellyn and Mantoura (1996) sampled stations on the 570 

20°W meridian from 47°N to 60°N over the same period (first NABE cruise of JGOFS) and 571 

found that by mid-July diatoms dominated the spring bloom at 60°N while prymnesiophytes 572 

were more important at 47°N, where the first spring bloom was already over.  573 

 The phytoplankton bloom was again sampled at 47°N earlier in the season in 1990, 574 

and results indicated that diatoms (23-70%) and prymnesiophytes (20-40%) dominated the 575 

Chla biomass in the first stage of the bloom during early May, while prymnesiophytes became 576 

dominant (45-55%) in the second phase from the end of May to mid-June (Barlow et al., 577 

1993). The latter study reported a pigment maxima at 5-15 m depth with a rapid decrease 578 

below that depth in the development phase, while at the peak of the bloom, diatoms 579 

dominated throughout the water column down to 300 m. In the post-bloom phase, 580 

prymnesiophytes dominated the upper 20 m with diatoms more abundant in deeper waters. 581 

The following year, in 1991, a large coccolithophore bloom was encountered south of Iceland 582 

between 60 and 61°N, between the end of June and early July (Fernandez et al., 1993).  583 

 During the PRIME program in July 1996, the surface phytoplankton community was 584 

dominated by prymnesiophytes between 37 and 61.7°N, and a constant northward increase in 585 
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relative diatom contribution was observed (Gibb et al., 2001). More recently, during the 586 

seasonal POMME study carried out in 2001, prymnesiophytes dominated the phytoplankton 587 

during March and April between 39 and 43°N except for a transition period in April when 588 

diatoms dominated at the northernmost site (43°N) (Claustre comm. pers.; Leblanc et al., 589 

2005).  590 

 The recurrent scenario emerging from these previous studies is that diatoms dominate 591 

the early bloom stages, sometimes co-occurring with prymnesiophytes or dinoflagellates, and 592 

tend to be outcompeted by prymnesiophytes during later stages of the spring bloom due to 593 

changing light and nutrient availability and possibly grazer control. This temporal succession 594 

is also accompanied by a change in vertical phytoplankton community structure towards the 595 

end of the spring bloom with prymnesiophytes occupying the stratified surface layer (0-30 m) 596 

while diatoms tend to dominate lower depths (30-300 m) sometimes well below the MLD.  597 

  Our observations collected during the 2005 NASB study are in good agreement with 598 

this proposed scenario. In June, we found evidence of the propagation of the spring bloom 599 

northward, with Chla increasing from the PAP region to the IS (Fig.8A and 13C). There was a 600 

general decrease in phytoplankton size structure from North to South, which was also 601 

observed during NABE (Sieracki et al., 1993). The pigment data showed a large 602 

prymnesiophyte bloom over both the RHP and IB, while diatoms were mostly found over the 603 

IB and IS (Fig.10, 11 and 13B). The relative vertical distribution of diatoms and 604 

prymnesiophytes along our transect was also similar to that observed during the PRIME study 605 

(Gibb et al., 2001) in that HEX dominated the surface layer, while FUCO:HEX ratios >1 were 606 

found below 50 m (Fig.10C). Overall, the correlation between HEX and PIC was very poor 607 

for the entire cruise and may reflect a large contribution of Phaeocystis pouchetii, wherever 608 

HEX was not associated with PIC accumulation (St.6, St.27 to 30) and the temporal mismatch 609 
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between coccolithophore biomass and coccolith concentration. Another explanation would be 610 

the presence of naked coccolithophores, but we have no data to substantiate this hypothesis. 611 

The former reason is confirmed in Table 2, which summarizes the significance of 612 

correlations between the diatom and prymnesiophyte/coccolithophore indicators (BSi, FUCO, 613 

PIC, HEX) with the other main biogeochemical variables such as nutrients and biomass data. 614 

The PIC data stand out in this table as the one parameter that is most poorly correlated to any 615 

of the other variables. PIC and HEX were never significantly correlated and this is true 616 

regardless of testing the whole data set or testing each region separately. A poor correlation 617 

was also found in another study in the North Atlantic for a global data set (n=130) on the 618 

same transect from 37°N to 59°N, with significant PIC-HEX correlations found only for 619 

underway data and for data collected at 59°N (but for a very small data subset, n=11) (Gibb et 620 

al., 2001).  621 

These results emphasize the difficulties in using bulk pigment and mineral indicators 622 

for a group such as coccolithophores. Both the cellular biomineral and pigment contents are 623 

highly variable and depend on the cell’s physiological status and species. During their growth, 624 

particularly in senescence, some coccolithophores shed their coccoliths. These coccoliths are 625 

too small to sink and tend to accumulate in the surface layer. This further decouples PIC from 626 

the biomass of living coccolithophores. For instance, the remnants of a coccolithophore 627 

bloom is indicated by the presence of PIC in the surface layer from St. 31 to 35 over the IS, 628 

but with no HEX accumulation, likely reflecting the presence of detached coccoliths while 629 

pigments and organic carbon have been lost, e.g. sedimented, degraded or grazed. Surface 630 

increases in HEX without similar PIC accumulation were also observed (for instance at St.17) 631 

and could indicate the presence of either uncalcifying strains of coccolithophores or more 632 

likely an increased contribution of Phaeocystis pouchetii. The correlation between PIC with 633 

HEX, even though not significant, increased slightly over the RHP and IB regions (rs=0.36 634 
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and 0.44 respectively) where it can be hypothesized that the contribution of coccolithophores 635 

vs Phaeocystis pouchetii increased.  636 

BSi and FUCO concentrations were on the other hand always significantly correlated 637 

(Table 2), with correlation coefficients (rs) of 0.56 to 0.80. The entire data set showed a very 638 

strong correlation with an rs value of 0.79, which was also very high over the RHP (0.80) and 639 

the IB (0.75). Slightly lower coefficients were found over the PAP (rs=0.59) and IS (rs=0.56). 640 

These weaker correlations can be explained by the presence of more senescent cells with low 641 

pigment contents or empty diatom frustules. This was most likely the case over the IS where 642 

high BSi concentrations extended as deep as 200 m (Fig.9B), well below the Ze depth of ~20 643 

m (Fig.3), while most of the Chla was confined to the first 50 m (Fig.8A). Hence it is unlikely 644 

that diatoms were still growing as deep as 200 m and this signal more probably represents 645 

sinking diatoms. This is further confirmed by phaeophyllides concentrations (data not shown), 646 

which were much higher in the IB and IS regions than in the PAP and RHP regions. Some 647 

interference with lithogenic silica (LSi) near bottom (75 m only at St.35 and 36) could also 648 

have occurred since BSi data were not corrected for LSi during analysis. Phaeocystis spp. is 649 

also known to produce FUCO (Schoemann et al., 2005) and could explain differences 650 

between BSi and FUCO comparisons. However, in our study, the presence of FUCO was 651 

always matched by the presence of BSi, and we often observed the presence of BSi without 652 

FUCO. Hence, it is likely that in our study FUCO was mostly indicative of diatoms. 653 

More surprisingly, FUCO and HEX were highly correlated during our survey in the 654 

PAP, RHP and IB regions (rs=0.88, 0.87 and 0.85 respectively) but not over the IS, where 655 

FUCO was overall dominant. Even though FUCO concentrations were very low in the first 656 

three regions, the patterns of distribution seemed to match closely those of HEX, with a 657 

notable accumulation at 59.5°N (St.23) and 57°N (St.17). Hence, even though not very 658 
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abundant, diatoms were co-occurring with prymnesiophytes from 45°N to 63°N, which were 659 

dominating the phytoplankton community, except over the IS.  660 

The strongest correlation was found between FUCO and TChla, with highly 661 

significant and elevated rs values, from 0.89 to 0.95 in the different region, and an rs value of 662 

0.92 for the entire data set (df=243). Significant correlations were found between BSi and 663 

Chla for the entire transect, PAP, RHP and IS regions (rs=0.46 to 0.63) but were not 664 

significantly correlated over the IB. Similarly to FUCO, HEX was highly significantly 665 

correlated to TChla, with rs values between 0.75 (all data) and 0.97 (IB), except in the IS 666 

where the correlation was not significant. Highly significant correlations were also found for 667 

both HEX and FUCO with other biomass parameters such as POC, PON and POP. These 668 

results indicate that diatoms and prymnesiophytes were major components of the late June-669 

July phase of the North Atlantic Spring Bloom, and that they co-occurred in most regions, 670 

despite large differences in terms of abundance.  671 

Pigment data were also much better correlated to Chla and particulate C, N, P data 672 

than biominerals, which is expected as pigments are characteristic of fresh material whereas 673 

biominerals may persist in the water associated with senescent cells, or remain suspended. 674 

The discrepancy in pigment to mineral correlations indicates that the latter situations were 675 

encountered during our cruise, with large amounts of sinking detrital opal and suspended 676 

calcium carbonate in the water column. Hence, bulk biominerals measurements are not a good 677 

indicator for living organisms.  678 

 Correlations between nutrients and BSi, FUCO, PIC, HEX data generally yielded a 679 

negative rs value, reflecting the fact that biomass accumulation is inversely related to nutrient 680 

consumption. Both FUCO and HEX were significantly correlated to depletion of all nutrients 681 

but the strongest correlations occurred over the PAP and IB regions, where biomass 682 

accumulation was highest. In general, ammonium was not correlated to any of these 683 
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parameters except in the IS where HEX and NH4 were significantly correlated (rs=0.54). HEX 684 

was significantly correlated to DSi depletion in all regions. In particular, HEX and DSi 685 

showed strong correlations (rs=0.82) in the PAP and RHP (rs=0.74) regions. Accumulation of 686 

prymnesiophytes, indicated by HEX, indeed occurred in the surface layer where DSi appeared 687 

depleted. This correlation corroborates the hypothesis of an earlier diatom bloom which led to 688 

depleted surface silicic acid levels and a subsequent decline of diatoms, allowing the 689 

prymnesiophytes to develop and become dominant.  690 

 Finally, the occurrence of TEP was significantly correlated to the FUCO, HEX and 691 

BSi distribution and to a lesser degree with PIC. Diatoms are known to produce large amounts 692 

of TEP and good correlations between TEP and Chla in diatom dominated systems are 693 

commonly found (Passow, 2002; Passow et al., 2001). The distribution patterns of BSi and 694 

TEP (Fig.9 and 12) also show a good overlap, particularly for the sites of high BSi 695 

concentration at the RHP/IB and IB/IS transitions (60° and 63.2°N). Below 40 m depths 696 

pigment concentrations were low, even when TEP and BSi were high, suggesting that these 697 

elevated BSi signals document the sedimentation of diatom aggregates. Unaggregated TEP do 698 

not sink (Azetsu-Scott and Passow, 2004), but form the matrix of aggregates (Passow and 699 

Alldredge, 1995), which are then prone to sink rapidly due to their large size. TEP 700 

distribution, in particular, the extensions at depth at St. 24, 31 and 35 closely matched the 701 

distribution of BSi; thus their occurrence at depth is an indication of sinking TEP-rich diatom 702 

aggregates. TEP also correlated well with HEX distribution, indicating that the 703 

prymnesiophyte bloom generated abundant amounts of TEP as well. Production of TEP by E. 704 

huxleii has been observed in a mesocosm experiment (Engel et al., 2004), but it has not before 705 

been shown that TEP is produced abundantly during natural coccolithophore blooms. 706 

Phaeocystis is also known to produce TEP (Riebesell et al., 1995; Hong et al., 1997) which 707 
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could explain the good agreement between HEX and TEP distributions in the areas where 708 

HEX and PIC are not well correlated (St.6 and St. 11 to 17).  709 

 710 

4.3 Phytoplankton control factors 711 

 The situation encountered over the transect during the month of June was net 712 

autotrophic (Cottrell et al., 2008). The PAP region was characterized by the lowest 713 

phytoplankton biomass, as well as by the highest contribution of the smaller size-class such as 714 

nano- and picophytoplankton. In addition, the primary production rates in this area (50 to 715 

55°N) were lower relative to the other regions along our transect (Cottrell et al., 2008). This 716 

correlates with the deeper nutricline depths encountered in this province (<50 m at most sites) 717 

and the lowest nutrient availability in the euphotic layer. Light was probably not a limiting 718 

factor, as the euphotic depth was the deepest in this region and exceeded Zm at all sites. 719 

Temperature did not seem to be controlling Chla accumulation in June 2005 either, in contrast 720 

to phytoplankton distribution in the Sargasso Sea as evidenced by Rowe et al. (2008). From 721 

satellite imagery (Fig.12), it seems that Chla accumulation in that area was never very high 722 

during the initiation of the spring bloom. This may reflect the shallower winter mixed layer in 723 

the PAP compared to the northern part of the transect which would lead to diminished nutrient 724 

inputs in the surface layer and nutrient limitation early on in the productive season. For the 725 

year 2005, the MLD was much deeper south of Iceland than over the central part of the NEA 726 

corresponding to the PAP until April (Mercator data available at http://bulletin.mercator-727 

ocean.fr/html/welcome_fr.jsp). From May to July, this trend was much less obvious. Hence 728 

the latitudinal trend of the MLD during winter and early spring, but also the highest store of 729 

nutrients towards the North (Sarmiento and Grüber, 2006) may reflect the South-North 730 

increase in nutrient stocks in the stratified surface layer during the productive season. DSi 731 

concentrations as low as 0.2 µM and Si:N ratios below 0.2 (Fig.4 and 5) also indicate Si 732 
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consumption by diatoms prior to our sampling period. BSi and FUCO were however 733 

negligible, indicating that the diatom bloom had subsided by June, and either sank out or was 734 

grazed. The elevated N:P ratio (close to 40) at St.2 at the southern end of the transect (46°N) 735 

may reflect the potential presence of nitrogen fixers.  736 

 The RHP and IB regions were characterized by relatively high DIN (>4 µM) and DIP 737 

(0.2-0.4 µM) concentrations in the upper 25 m while DSi was at the detection limit at 60°N, 738 

where a large BSi accumulation was found. This coincided with a moderate increase in 739 

FUCO, which remained low compared to the abundance of HEX. These data suggest the 740 

occurrence of a previous diatom bloom, and the persistence of detrital BSi in the process of 741 

sinking out or being grazed, as shown by the deep extension of BSi down to almost 150 m 742 

well below the euphotic layer. Increased phaeopigments concentrations (data not shown) in 743 

the upper 50 m indicate active grazing of biomass. Viral production was fairly constant 744 

throughout the 20°W transect, but increased drastically at St.22 (59°N), on the southern edge 745 

of this feature (Rowe et al., 2008) indicating potential local control of biomass by viral lysis. 746 

This bloom seemed to have been followed by a prymnesiophyte bloom, with large HEX 747 

concentrations clearly confined to the surface layer, together with some accumulation of PIC. 748 

The highest BSi and HEX accumulations coincided with the presence of a frontal structure at 749 

60°N (St.24 and 25) and a doming of isopycnals at this site. However this accumulation 750 

feature extended across it in both direction, but with more moderate biomass values. Ze depths 751 

were shallow in both areas (20-30 m) but light did not seem to be a limiting factor for growth. 752 

 Continuing northward, a second front was passed near the Icelandic Shelf Break 753 

(between 61.6°N and 63.2°N) and was characterized by a small increase in 754 

microphytoplankton Chla associated with an increase in FUCO in the upper 30 m, and with a 755 

large accumulation of BSi (~1 µmol L-1) extending as deep as 200 m. This diatom bloom 756 

seems to have been stimulated by the surfacing of the DSi isopleths at St.31 with 757 



32 
 

concentrations up to 1.4-1.6 µM in the surface layer. BSi concentrations as high as 1 µmol L-1 758 

which extended to the sea floor of the IS together with the absence of detectable pigments 759 

below 40 m very probably reflected the sinking of empty diatom frustules along the very steep 760 

27.4 isopycnal (Fig.2), potentially mediated by TEP aggregation. A large accumulation of 761 

phaeopigments (data not shown), with a maximum concentration found at 50 m at 61.6°N 762 

could also indicate a rapid export of BSi through zooplankton faecal pellets. Another possible 763 

explanation would be contamination by bottom sediment resuspension of previously 764 

sedimented diatom cells, or by lithogenic silica (which was not measured in our samples), but 765 

the similar deep extension of TEP and BSi from the surface argue against this hypothesis. 766 

 Finally the IS was characterized by the highest biomass accumulation of the transect, 767 

which was reflected by an increased surface consumption of nutrients, particularly in DIN 768 

which showed the lowest concentrations encountered during the cruise (<1µM). 769 

Phytoplankton communities on the IS were mixed both spatially and vertically, with a high 770 

surface accumulation of picophytoplankton (chlorophytes and prasinophytes, data not shown) 771 

and probably also detached coccoliths as PIC was elevated but HEX concentrations were 772 

moderate. This community was found between 63 and 65°N (St.31 to 35) and was present in a 773 

highly stratified water column above the 27.3 ispopycnal (Fig.2). The highest BSi and FUCO 774 

concentrations of the transect were constrained to the subsurface below 25-30 m north of 775 

66°N, where diatoms were clearly the major contributing group. This intense diatom growth 776 

seems to have occurred where cold polar melt waters (PW) encountered modified North 777 

Atlantic Waters (MNAW) over the IS.  778 

 Surface PW were not characterized by any increased nutrient load at the time of 779 

sampling. We hypothesize that this diatom bloom was seeded over the shelf following the 780 

retreat of the ice edge earlier in the season, which resulted in the depletion of all nutrients by 781 

the end of June. The FUCO patch was centred around 25-30 m north of 66°N and did not 782 
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extend below 50 m, while BSi was found in elevated concentrations all the way down to the 783 

seafloor (~125 m). This again would indicate that the BSi found at depth was mostly detrital 784 

and in the process of sinking out of the surface layer in aggregates similarly to what was 785 

observed at 63.2°N. Large amounts of phaeopigments over the IS also suggest active grazing 786 

control of this subsurface diatom bloom. 787 

 Regarding the role of trace metals on phytoplankton growth in the NEA, our surface 788 

trace metal data show that neither Fe nor Zn were highly depleted, with dissolved 789 

concentrations of 0.7 and 0.8 nM on average. Yet, three trace metal addition experiments in 790 

which 2 nM Fe and 2 nM Zn were added were carried out during the transect (at 51.5°, 56° 791 

and 63.5°N), and all resulted in an increase of Chla after 6 days by a factor of 1.2 to 1.9 in the 792 

+Fe treatments compared to a control, and in a stimulation of the >20 µm size fraction (data 793 

not shown). Zn additions did not induce any increase in Chla. Despite relatively high Fe 794 

concentrations, moderate Fe limitation and co-limitation with DSi have already been observed 795 

in the same region between 39 and 45°N in the early stages of the spring bloom (Blain et al., 796 

2004). More recently, Fe limitation was similarly established in the central North Atlantic 797 

(Moore et al., 2006).  798 

 Interestingly, particulate Fe increased drastically from South to North, similarly to 799 

the ΣBSi and ΣFUCO patterns, which could reflect the larger Fe requirements by diatoms, 800 

while oceanic coccolithophores are known to have a very low Fe requirement (Brand, 1991; 801 

Sunda and Huntsman, 1995a). On the other hand particulate Zn increased from the PAP to the 802 

IB, but decreased over the IS similarly to the ΣHEX and ΣPOC patterns, which could reflect a 803 

higher utilization of Zn by prymnesiophytes, notably over the IB region. Previous work by 804 

(Kremling and Streu, 2001) reported trace metal concentrations along the same transect as in 805 

our study and during the same season. More than half of their Zn measurements were below 806 

the detection limit, but the authors argued against the ‘Zn hypothesis’ between 40 and 60°N 807 
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because of high Co concentrations, as Co and Zn are known to substitute for one another 808 

(Sunda and Huntsman, 1995b). Our data do not allow further interpretation, given that they 809 

are large regional surface averages, and that complex substitutions of metals, notably Zn, Co 810 

and Cd are also at play (Morel et al., 2003), but moderate Fe limitation was likely preventing 811 

a complete drawdown of surface nutrients during June between 45 and 66°N. 812 

4.4 Si depletion – a general feature of the NEA 813 

 At the end of the first NABE program in the NEA, it remained unclear whether the 814 

sequential depletion of Si and N was common or if the year 1989 was an unusual year 815 

(Sieracki et al., 1993). Since then, several other programs such as BIOTRANS, BOFS, 816 

PRIME and POMME conducted in the NEA during the productive season have reported Si 817 

depletion prior to N exhaustion later in the season, as well as consistently low Si:N ratios in 818 

the surface layer (Lochte et al., 1993; Sieracki et al., 1993; Passow and Peinert, 1993; Taylor 819 

et al., 1993; Savidge et al., 1995; Bury et al., 2001) that were well below the usual 1:1 820 

requirement for diatoms (Brzezinski, 1985). From earlier work during the POMME program, 821 

it was shown that winter surface silicic acid availability between 40 and 45°N was already 2–822 

3 µM lower than nitrate and that this deficit increased with depth, with a 5–7 µM difference 823 

between DSi and DIN concentrations at 1000 m (Leblanc et al., 2005). Uptake kinetics 824 

measured in this region also suggested potential diatom growth limitation by ambient Si 825 

concentrations (Leblanc et al., 2005). These low surface Si:N ratios may reflect the deficiency 826 

in Si compared to N of North Atlantic intermediate and deep waters, as can be observed on 827 

the WOCE sections between 30 and 60°N (Sarmiento and Gruber, 2006). Biogenic silica 828 

produced by diatoms during the spring bloom sinks with a higher efficiency to depth, while 829 

other nutrients are more readily remineralized in the water column. This process, termed the 830 

silica pump (Dugdale et al., 1995), causes a preferential loss of Si to the sediments compared 831 

to N, P and C. Deep waters circulating in the NA basin have only recently been formed 832 
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through winter convection and do not carry the same Si load that older Pacific deep waters do 833 

for instance, which are at the end of the conveyor belt circuit and received surface biogenic 834 

material along its path. Hence, the chronic Si deficiency of the NA is likely to be a permanent 835 

feature and can be explained by global oceanic circulation. The moderate Fe limitation which 836 

has been invoked in the NEA and observed through several enrichment experiments (Blain et 837 

al., 2004; Moore et al., 2006; Leblanc, unpublished data) could furthermore enhance the 838 

efficiency of the Si pump in this region. It is now accepted that Fe deficiency leads to 839 

increased cellular Si quotas in diatoms (Hutchins and Bruland, 1998, Hutchins et al.; 1998; 840 

Takeda et al., 1998; Firme et al., 2003; Leblanc et al., 2005b) which could then increase the 841 

vertical decoupling of Si vs N and P, with more heavily silicifed cells sinking faster and less 842 

prone to dissolution in the surface waters. 843 

 Despite this the spring bloom is initiated by diatoms in this region, which rapidly 844 

consume the available Si before being outcompeted by coccolithophores, a group 845 

physiologically more adapted to the stratified and oligotrophic conditions that occur later in 846 

the season (Iglesias-Rodriguez et al., 2002). Even though Si availability does not directly 847 

control the initiation of the coccolithophore bloom, it plays a major role in structuring 848 

phytoplankton communities throughout the productive season. Understanding the succession 849 

of these major biomineralizing groups in this highly productive region of the NA is the key to 850 

understanding and quantifying the C export processes on a basin scale.  851 

 Diatoms and coccolithophores are likely to have very different impacts on the C 852 

export term. The respective roles of the minerals SiO2 and CaCO3 as ballast particles and 853 

vectors for POC export to depth is highly debated. The analyses of a large number of 854 

sediment trap data suggested that CaCO3 was a more efficient ballast mineral for POC 855 

(François et al., 2002; Klaas and Archer, 2002) but this assertion has recently been contested 856 

by new experimental work (Passow and De La Rocha, 2006; De La Rocha and Passow, 857 
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2007). Unfortunately, we do not have sediment trap data in this study to argue one way or the 858 

other. Leaving the ballast issue aside, diatoms and coccolithophores are known to have very 859 

different impacts on the biological pump. Diatoms tend to sediment quickly, either after mass 860 

flocculation events (which may be triggered by elevated TEP production) or through grazers 861 

faecal pellets, while some evidence show that grazing rates are reduced during a 862 

coccolithophore bloom (Huskin et al., 2001; Nejstgaard et al., 1997). Calcification 863 

furthermore results in a net outgassing of CO2 towards the atmosphere (albeit pCO2 solubility 864 

in surface waters increases as we move poleward). Mechanisms of sedimentation of 865 

coccolithophores other than in faecal pellets are not clear. In contrast to diatoms, where the 866 

organic matter is trapped within the frustule after cell death, coccoliths are released into the 867 

water upon cell death (or earlier in some species), and are thus physically separated from the 868 

organic carbon of the coccolithophore. Both organic carbon and coccoliths could then 869 

aggregate if conditions are right, but other processes may become more important. 870 

Aggregation of whole coccolithophores has also been postulated (Cadee, 1985), but it has 871 

never been ascertained if the observed structures were true aggregates or appendicularian 872 

pseudo faeces. Formation of fast sinking aggregates leads to faster export of material to depth, 873 

thus enhancing the efficiency for C export. Hence, in our study, the presence of TEP closely 874 

associated to diatom and coccolithophore distribution may be an important vector for POC 875 

export for both types of phytoplankton. 876 

 877 

5 Conclusions 878 

  The seasonal succession of the spring phytoplankton bloom in the North East 879 

Atlantic now seems better understood. The NASB data presented here corroborates previous 880 

observations gathered during the JGOFS era and the follow-up programs carried out in this 881 

oceanic region, as well as model scenarios for the spring bloom. The bloom is initiated by 882 
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diatoms upon the onset of stratification and alleviation of light limitation. Diatoms are rapidly 883 

outcompeted due to severe Si limitation in the surface layer and potential Fe limitation may 884 

occur despite relatively high concentrations. The intensification of stratification (i.e. increased 885 

light and impoverished nutrient conditions) then leads to the development of a large 886 

coccolithophore bloom often located on the RHP and close to Iceland.  887 

 During our study the spring diatom bloom was waning, and abundant diatom 888 

biomass was constrained to the northern part of the transect over the IS, while 889 

coccolithophores were mainly dominant over the RHP and IB. These two phytoplankton 890 

groups were clearly dominating the autotrophic community, but the presence of Phaeocystis 891 

spp. was also suspected to be present in some regions. We show that measurements of bulk 892 

minerals or pigments are not sufficient to clearly establish the dominance of one group, as 893 

coccolithophores and Phaeocystis spp. both possess HEX while diatoms and Phaeocystis both 894 

possess FUCO. Hence, the need for systematic cell counts remain impossible to circumvent, 895 

but should become easier with the advent of semi-automatized counting and imaging devices.  896 

 We conclude that the unique combination of early Si depletion, along with sufficient 897 

N and P levels and water stratification processes may be the reason why we observe one of 898 

the planet’s most extensive coccolithophore blooms in the NEA. Although the temporal 899 

succession between diatoms and prymnesiophytes seems established, the role of the major 900 

species succession within each group (namely the relative contribution of coccolithophores 901 

and Phaeocystis) still needs further assessment.  902 

 We suggest that focus now needs to be placed on export modes of this intense 903 

phytoplankton bloom. Further studies need to elucidate the net contribution of diatoms and 904 

coccolithophores to C export through a better quantification of the relative impact of 905 

processes such as grazing, TEP production, flocculation events and passive sinking.  Finally, a 906 

challenge will be to understand how the dynamics of the North Atlantic Bloom will respond 907 
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to future changes in climate forcing, a question that was addressed during our study by 908 

parallel experiments examining the response of the same NAB communities sampled here to 909 

increasing pCO2 and temperature (Feng et al. 2009, Lee et al. 2009, Rose et al. 2009). 910 
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 1142 

 1143 

Table Legend 1144 

 1145 

Table 1 : Mean depths (±standard deviation) of the euphotic zone (Ze), mixed layer (Zm) and 1146 

nutricline (Zn) in the PAP (Porcupine Abyssal Plain), RHP (Rockall-Hatton Plateau), IB 1147 

(Icelandic Basin) and IS (Icelandic Shelf) regions. 1148 

Table 2 : Spearman-rank correlation coefficients (rs) calculated for the diatom and 1149 

coccolithophore bulk indicators (BSi, FUCO, PIC, HEX) with the other main biogeochemical 1150 

data for the complete data set (All) and each region (PAP, RHP, IB and IS). Correlations are 1151 

considered significant when p<0.01 (two-tailed). Degrees of freedom were comprised 1152 

between 132 and 243 for all regions, between 27 and 64 for the PAP region, between 45 and 1153 
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124 for the RHP region, between 22 and 57 for the IB region and between 31 and 63 for the 1154 

IS region. Non-significant correlations are indicated in grey, and strong correlations (rs>0.5 or 1155 

<-0.5) are indicated in yellow. As FUCO and HEX were used for Chla size-class calculations, 1156 

these variables were not independent and hence correlations not calculated (dash). 1157 

Figure Legend 1158 

Figure 1 : A. Map of the study area with stations sampled and main currents theoretical 1159 

position according to literature. NAW: North Atlantic Waters; MNAW : Modified North 1160 

Atlantic Waters; NAC: North Atlantic Current; CSC: Continental Slope Current; NIIC: North 1161 

Icelandic Irminger Current; IC: Irminger Current; EGC: East Greenland Current; FC: Faroe 1162 

Current. B. Transect topography plotted using ODV, and depth of the CTDs along the 1163 

transect. C. T-S diagram of the water masses between 0 and 200 m for the 37 stations 1164 

sampled. 1165 

Figure 2 : Vertical sections of temperature (°C) (A) and salinity (B) vs latitude and bottom 1166 

topography. The main regions are the Porcupine Abyssal Plain (PAP), the Rockall-Hatton 1167 

Plateau (RHP), the Icelandic Basin (IB) and Icelandic Shelf (IS). 1168 

Figure 3 : Depths of the euphotic zone (Ze) (1% light level), mixed layer (Zm) and nitracline 1169 

(Zn) vs latitude and bottom topography. 1170 

Figure 4 : Vertical sections of A. Dissolved silicic acid (DSi), B. Dissolved inorganic 1171 

nitrogen (NO3+NO2) (DIN) and C. Dissolved inorganic phosphorus (DIP) in µM vs latitude 1172 

and bottom topography. 1173 

Figure 5 : Vertical sections of A. Dissolved Si:N ratios (mol:mol), B. Dissolved N:P ratios 1174 

(mol:mol) vs latitude and bottom topography. 1175 
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Figure 6 : Surface trace metals concentrations averaged by regions (PAP, RHP, IB and IS) 1176 

and averaged for the entire data set (All data). A. Dissolved trace metal concentrations, B. 1177 

Particulate trace metal concentrations, C. Intracellular trace metal concentrations. 1178 

Figure 7 : Vertical sections of A. Particulate Organic Carbon (POC), B. Particulate Organic 1179 

Nitrogen (PON), C. Particulate Organic Phosphorus (POP) in µmol L-1 vs latitude and bottom 1180 

topography. 1181 

Figure 8 : Vertical sections of A. Total Chlorophyll a (TChla) in ng L-1, B. 1182 

19’Hexanoyloxyfucoxanthin (HEX), C. Fucoxanthin (FUCO) in ng L-1, D. 1183 

Fucoxanthin:19’Hexanoyloxyfucoxanthin ratio (FUCO:HEX) (weight:weight) vs latitude and 1184 

bottom topography. 1185 

Figure 9 : Vertical sections of A. Particulate Inorganic Carbon (PIC), B. Biogenic Silica 1186 

(BSi) in µmol L-1, C. Coccolithophore cell counts (cells mL-1) and taxonomic information at 1187 

selected PIC maxima vs latitude and bottom topography. 1188 

Figure 10 : Vertical section of Transparent Exopolymer Particles (TEP) in Gum Xanthan 1189 

equivalent per Liter (µg Xeq L-1) vs latitude and bottom topography. 1190 

Figure 11 : 0-200 m integrated region averages of A. Biogenic silica (ΣBSi) and Particulate 1191 

Inorganic Carbon (ΣPIC) in mmol m-2, B. Fucoxanthin (ΣFUCO) and 1192 

19’Hexanoyloxyfucoxanthin (ΣHEC) in mg m-2, C. Particulate Organic Carbon (ΣPOC) in 1193 

mmol m-2 and Total Chlorophyll a (ΣTChla) in mg m-2. 1194 

Figure 12 : Surface monthly satellite MODIS Chla (A-D) and calcite (E-H) images obtained 1195 

from the Level 3 browser at http://oceancolor.gsfc.nasa.gov/ for 2005. The black line 1196 

indicates the cruise track and the framed images (C and G) the cruise sampling period (June). 1197 

 1198 
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Table 1 1199 

 1200 

 1201 

 Ze Zm Zn 
PAP 56 ± 12 m 23 ± 10 m 48 ± 24 m 
RHP 30 ± 5 m 29 ± 8 m 23 ± 9 m 
IB 28 ± 9 m 30 ± 9 m 20 ± 10 m 
IS 21 ± 4 m 26 ± 8 m 24 ± 6 m 

 1202 

 1203 
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Table 2  1204 
 1205 
 1206 

    DSi DIN DIP NH4 FUCO HEX TEP POC PON POP PIC BSi TChla 

BSi ns ns ns 0,279 0,794 0,234 0,623 0,463 0,412 0,520 0,306 - 0,607 

Fuco -0,289 -0,358 -0,316 0,185 - 0,615 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 

A
ll 

HEX -0,507 -0,391 -0,386 ns 0,615 - 0,580 0,729 0,679 0,670 ns 0,234 0,746 

BSi -0,343 ns ns 0,404 0,599 0,129 ns ns ns 0,308 ns - ns 

Fuco -0,684 -0,545 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 P
A

P
 

HEX -0,818 -0,728 -0,677 ns 0,876 - 0,655 0,777 0,827 0,834 ns ns 0,949 

BSi -0,562 ns -0,406 ns 0,802 0,579 0,490 0,640 0,532 0,646 ns - 0,630 

Fuco -0,793 -0,675 -0,567 ns - 0,871 0,722 0,733 0,620 0,827 0,381 0,802 0,906 

PIC ns ns ns ns 0,381 ns ns ns ns ns - ns 0,396 R
H

P
 

HEX -0,740 -0,713 -0,638 ns 0,871 - 0,830 0,862 0,772 0,874 ns 0,579 0,944 

BSi -0,505 ns -0,371 ns 0,746 0,431 0,647 0,391 ns 0,366 ns - 0,464 

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 

IB
 

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 

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 

IS
 

HEX -0,417 -0,494 ns -0,547 ns - 0,404 0,434 0,424 ns ns ns ns 
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