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Abstract. Coccolithophores are a key functional group in Norwegian Trench) showed a strong response in terms of
terms of the pelagic production of calcium carbonate (cal-CP to combined nitrate and phosphate addition, mediated by
cite), although their contribution to shelf sea biogeochem-changes in cell-CF and growth rates. In contrast, an offshore
istry, and how this relates to environmental conditions, isdiverse coccolithophore community (Bay of Biscay) showed
poorly constrained. Measurements of calcite production (CPho response to nutrient addition, while light availability or
and coccolithophore abundance were made on the northmortality may have been more important in controlling this
west European shelf to examine trends in coccolithophorecommunity. Sharp decreases in pH and a rough halving of
calcification along natural gradients of carbonate chemistrycalcite saturation states in the bioassay experiments led to
macronutrient availability and plankton composition. Sim- decreased CP in the Bay of Biscay and northern North Sea,
ilar measurements were also made in three bioassay exsut not the Norwegian Trench. These decreases in CP were
periments where nutrient (nitrate, phosphate) ar@O, related to slowed growth rates in the bioassays at elevated
levels were manipulated. Nanoflagellates10 um) domi-  pCO, (750 patm) relative to those in the ambient treatments.
nated chlorophyll biomass and primary production (PP) atThe combined results from our study highlight the variable
all but one sampling site, with CP ranging from 0.6 to coccolithophore responses to irradiance, nutrients and car-
9.6 mmolCnr2d~1. High CP and coccolithophore abun- bonate chemistry in north-west European shelf waters, which
dance occurred in a diatom bloom in fully mixed waters off are mediated by changes in growth rates, cell-CF and species
Heligoland, but not in two distinct coccolithophore blooms composition.
in the central North Sea and Western English Channel. Coc-
colithophore abundance and CP showed no correlation with
nutrient concentrations or ratios, while significapt< 0.01)
correlations between CP, cell-specific calcification (cell-CF)1 Introduction
and irradiance in the water column highlighted how light
availability exerts a strong control on pelagic CP. In the ex-High cellular levels of calcite production in coccol-
perimental bioassay&miliania-huxleyidominated coccol- ithophores, maintained through the rapid production of in-
ithophore communities in shelf waters (northern North Sea dividual cellular plates of calcite (coccoliths), facilitate this
group with a strong influence on the marine carbon cycle
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through the production and export of calcite, as well as mod- Shelf seas are also regions of extensive primary produc-
ification of air—sea carbon dioxide (Gfluxes (Holligan et  tion, with 15 to 30 % of global primary production oc-
al., 1993a). As a group, coccolithophores are globally dis-curring in waters shallower than 200 m despite these areas
tributed, from the subpolar Arctic to the Antarctic and from constituting less than 10% of the global ocean (Simpson
the open ocean to shelf seas. Many coccolithophore specieend Sharples, 2012). Such high productivity is sustained by
(e.g.Emiliania huxleyi, Gephyrocapsa muellejdeave cell a seasonal shift in phytoplankton community composition
diameters of 5—-10 um, making them a potentially importantfrom winter phytoplankton communities dominated by small
component of the nanoflagellate (hereirlOum) commu- (< 10 pm) flagellates to spring communities of highly pro-
nity. ductive diatoms:$ 10 pm), and summer communities domi-
One of the most common coccolithophore spediefiux-  nated again by small flagellates; however dinoflagellates and
leyi, often forms large-scale (50-25010°km?) blooms  coccolithophores are also present during this time and may
in the open ocean (e.g. Iceland Basin), along continentaform sporadic but highly significant blooms (Widdicombe et
shelves (e.g. Patagonian Shelf) and in shelf seas (e.g. Nortal., 2010) in terms of shelf sea biogeochemistry.
Sea, English Channel) (Iglesias-Rodriguez et al., 2002; The fraction of primary production associated with coccol-
Tyrrell and Merico, 2004). Such blooms are characterised byithophore communities within this seasonal cycle is poorly
the excessive production and shedding of coccoliths into theonstrained, with estimates only available for the open ocean
surrounding waters (Balch et al., 1996a), giving a milky ap- and generally< 10 % (or up to 40 % during coccolithophore
pearance and a high-reflectance signature in satellite imagdsooms; see Poulton et al., 2007, 2013). Such seasonality
(Holligan et al., 1983). Formation &:. huxleyiblooms is of-  in phytoplankton community composition is driven by cy-
ten linked to warm, stratified conditions where silicic acid cles in water-column stratification in spring through to sum-
concentrations are low (limiting diatoms) and irradiance lev-mer and its breakdown in winter and through surface nutri-
els are high (e.g. Holligan et al., 1983). Other factors, notablyent (nitrate, phosphate, silicate) drawdown during the strati-
iron availability (Poulton et al., 2013), may also be important fied period; although strong tidal mixing can result in highly
in further regulating bloom formation in cold, nutrient-rich mixed areas throughout the year (Simpson and Sharples,
waters. 2012). During seasonal stratification, vertical segregation of
The north-west (NW) European Shelf was the first regionthe phytoplankton community also occurs, with picoplank-
where major coccolithophore blooms were recognised (Hol-ton (< 2 um) dominating upper nutrient-impoverished wa-
ligan etal., 1983, 1993b), and subsequent blooms in this areters and larger-celled microplankton (hereid0 um; e.g. di-
have been intensively studied (e.g. Van der Wal et al., 1995atoms) occurring deeper in the nutrient-enriched thermocline
Head et al., 1998; Rees et al., 2002; Harlay et al., 2010(Hickman et al., 2012).
2011). However, few studies have made observations dur- The effects of global environmental change (e.g. increased
ing non-bloom conditions, in the context of the biomass andtemperatures and ocean stratification, deoxygenation) on ma-
production of the phytoplankton community as a whole, andrine organisms and ecosystems is a pressing concern in bi-
with reference to potentially growth-regulating environmen- ological oceanography. Marine calcifiers, with their calcite
tal factors. Several factors are thought to be key in promot-{e.g. coccolithophores) and aragonite (e.g. pteropods) shells,
ing oceanic bloom formation by coccolithophores, including are of particular concern since they may be impacted by
shallow mixed layers, high irradiances and temperatures, lovboth global warming and ocean acidification, i.e. decreases
nitrate to phosphate ratios and reduced microzooplanktoiin pH and mineral saturation states (e.g. calcite saturation
grazing (lglesias-Rodriguez et al., 2002; Tyrrell and Merico, state,Q2¢c) as the oceans and seas take up anthropogenically
2004). released C@ (Royal Society, 2005). The broad aim of the
Oceanic blooms may be 250000km in areal extent present study was therefore to quantify coccolithophore pro-
(Raitsos et al., 2006), with average rates of calcite productiorduction and how it varied in relation to key environmental
of ~1gCaC@m2d1 (10 mmolCm?2d-1) and standing  drivers, such as nutrient and light availability and carbon-
stocks of~21gCaC@m2 (210 mmol C nt2d—1) which ate chemistry (pHS2¢), in waters around the NW European
scale to~ 8.3x 10'2g CaCQ for entire blooms (Holligan et Shelf during summer (June) 2011 (Fig. 1).
al., 1993a). Blooms associated with continental shelves of- Two approaches were used to examine coccolithophore
ten tend to be smaller in areal extert {00000km) than  dynamics: (1) in situ sampling at sites characterising differ-
oceanic features, with similar levels of calcite production ent pelagic environments (e.g. stratified shelf, mixed shelf,
(Harlay et al., 2010, 2011; Poulton et al., 2013) althoughoceanic) around the NW European Shelf; and (2) small-scale
species composition is a potentially important constraint onbioassay experiments where the natural plankton communi-
calcite standing stocks (Poulton et al., 2013). In contrast tdies were exposed to nutrient addition (nitrate, phosphate and
oceanic regions where benthic calcite production is relativelysilicate) and/or elevatedCO, (with a target of 750 patm).
low, benthic organisms in shallow shelf seas may exhibit sig-In this paper we examine bulk coccolithophore community
nificant calcite production and dominate shelf sea calcite pro-<calcite production (CP), coccolithophore abundance and cel-
duction (Lebrato et al., 2010). lular levels of calcification (cell-normalised calcification or
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cell-CF) at the 14 sampling sites and in three bioassay exper-

Longtitude iments.
A) 20
sFI® esh 2 Methods
sl 18 Sampling was carried out onboard the RRfscovery
()

(cruise number D366) which sailed from Liverpool (6
June 2011) to Liverpool (10 July 2011) around the NW
16 European Shelf. Water sampling was carried out at 75
conductivity—temperature—depth (CTD) stations, of which 14
14 dawn (02:00 h to 04:30 h GMT) CTD stations (Fig. 1) were
Sea surface sampled at five light depths (55, 20, 14, 5 and 1% of sur-
temperautre (°C) face irradiance) for rate measurements (primary production,
o calcite production), biomass (chlorophyl), phytoplankton
community structure, macronutrients (nitrataitrite, phos-
an phate, silicic acid) and carbonate chemistry.
The 14 sampling stations (Fig. 1; Table 1) were located at
Mingulay Reef (MR(), the Atlantic coast (Atl) off Ireland, the
2.5 central Celtic Sea (Cel), the Western English Channel Obser-
vatory (E1), the Bay of Biscay (BB), the sampling site for the
PEACE (Role of PElagic cAlcification and export of Carbon-
atE production in climate change; Harlay et al., 2010, 2011)
project (PEA), the southern North Sea (sNS), Heligoland
15 Roads (Hel), the central North Sea (NS), south of the Shet-
land Islands (Sh) and south of the Faroe Islands (sFl). The
Western English Channel Observatory (E1), Bay of Biscay
Chiorophyl-a 1 (BB) and central North Sea (NS) were all sampled twice dur-
(mg m*) ing the cruise either on consecutive days (BB, NS) or within
9 days (E1). These resampled stations are referred to with an
a or b to distinguish between visits (e.g. NSa, NSb). The ex-
act positions of these resampled locations were slightly dif-
ferent, especially in the case of BB and NS (Table 1).
C) Sea surface temperatures and salinities were taken from
5 the CTD, with mixed layer depths calculated using a temper-
ature threshold difference of O°E relative to surface val-
ues (Painter et al., 2010) and visually checked by examining
the temperature profiles (Fig. 2). Water-column structure was
examined by calculating the Brunt-Vaisala frequenti?)(
3 from the density profile (Knauss, 1996):

Latitude

B)

Latitude

~

0.5

IS

Latitude

N? = (g/averaget) x (Act/Az), (1)

whereg is acceleration due to gravity (9.81 m&, average
ot is the average density over the water column at each site,
Aot is the difference in density between depth pairs and
is the difference in depthV? estimates the strength of the
0 vertical density gradient.
Daily incidental irradiance (gg;), for photosyntheti-
cally active radiation (PAR), was integrated from dawn to

Figure 1. Maps showing the position of the daily productivity sam- dusk _(mol.photons e d !) from the RRSDiscovery 2z

pling stations (circles) and short-term (48 h) experiments (squares)P’AR irradiance sensor (Skye Instruments, SKE 510). The

superimposed on MODIS composites (June 20110A)fsea sur- vertical diffuse attenuation coefficient of PAK{) in the

face temperatur€C), (B) surface chlorophyl, (mg m~3) and C) water column was calculated for predawn CTD stations,

surface particulate inorganic carbon (mmol C#j with the depth of the euphotic zone&dy) calculated as
the depth where 1% surface irradiance penetrates, with an

" Particulate Inorganic
Carbon (mmol C‘m's) 1

Longtitude
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Figure 2. Vertical profiles of temperatur@C) and nitratet nitrite (NOy, umol N kg~1) over the upper water column. Dashed lines indicate
mixed layer depths. Several sites were sampled twice during the cruise and these are denoted with a and b (e.g. BBa, BBb).

optical depth of 4.6. Average mixed layer PAR irradiance cell counts were verified using scanning electron microscopy
(EdpmLy), which describes the mean irradiance experienced SEM) following the method outlined in Young et al. (2014).
by a particle being mixed within the mixed layer, was cal-

culated as in Poulton et al. (2011) using a combination of2.2  Primary production and calcite production

Edo+, K¢ and mixed layer depth.

Daily rates (dawn-dawn, 24 h) of total primary production
(PP) and calcite production (CP) were determined at each of
the 14 productivity stations following Poulton et al. (2010).
Samples for the determination of coccolithophore cell num-Water samples (70 mL volume, 3 light, 1 formalin-killed)
bers and species identification by polarising light microscopyfrom the five light depths were spiked with 15-40 uCi of
were collected from the five light depths. Water sam- 1“C-labelled sodium bicarbonate and placed in on-deck in-
ples (0.2-0.5L) were filtered under gentle pressure througltubators chilled with surface seawater and covered with light
25 mm diameter, 0.8 pm pore size Nucleporeellulose ni- filters (Misty-blue and Grey, LEE UK) to replicate the light
trate filters, oven dried for-2—-4 h at 50-60C and stored field at depth. Formalin-killed blanks were prepared by addi-
in Petri-slides. Permanent slides of the filters were preparedion of 1 mL of 0.2 um filtered and sodium-borate-buffered
immediately on-board by mounting the filters using low vis- formalin solution.

cosity Norland Optical Adhesive (NOA 74) (Poulton et al.,, Incubations were ended by filtration through 25mm
2010). Coccolithophore cell counts and species identificatiorD.45 um polycarbonate filters (Nuclepbre US). Organic
were carried out under cross-polarised light using a Leitz(PP) and inorganic (CP) carbon fixation was determined us-
Ortholux microscope (X1000, oil immersion). Either 300 ing the micro-diffusion technique (MDT) (Paasche and Bru-
fields of view or 300 individual cells (whichever was reached tak, 1994; Balch et al., 2000) with filters placed in Ultima
first) were counted per filter, with a minimum of 30 fields of Gold (Perkin-Elmer, UK) liquid scintillation cocktail and the
view counted when cells were abundant. For a limited num-activity on the filters determined using a Tri-Carb 2100TR
ber of samples, light microscopy species identification andLiquid Scintillation Counter. Spike activity was checked by

2.1 Coccolithophore counts
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removal of triplicate 100 uL subsamples directly after spike ples were then analysed far by the coulometric method
addition, mixing with 200 pL of3-phenylethylamine (Sigma after Johnson et al. (1987) with two to three CRMs (certified
UK), addition of Ultima Gold and liquid scintillation count- reference material, batch 107) used for calibration per coulo-
ing. Average relative standard deviation (RSD, standard devimetric cell and CTD station. Total alkalinity measurements
ation/meanx 100 %) of triplicate (light) total PP, measure- for CTD samples were made by potentiometric titration with
ments was 14 % (2—-47 %) and 38 % (2-93 %) for triplicate a Metrohm Titrino 719S for adding acid, an ORION-Ross pH
(light) CP measurements. On average the formalin-killedelectrode and a Metrohm reference electrode. The precision
blank represented 10 % of the CP signal (range 1-63 %), wittand accuracy of botdt andCy analysis from the CTD was
higher contributions at the base of the euphotic zone. <2pmolkg™.

Daily rates (dawn-dawn, 24h) of micro-phytoplankton Initial measurements for the short-term bioassays followed
(herein > 10 um) primary production were determined in the sampling procedure of Dickson et al. (2007) with samples
parallel to total PP. Water samples (70 mL volume, 3 light) collected from CTD Niskin bottles in 250 mL Schott Duran
were collected from the five light depths, spiked with 3—8 puCi borosilicate glass bottles with glass stoppers and analysed
of 14C-labelled sodium bicarbonate and incubated on deckwithin 1 h of collection. Samples from the end time point of
Incubations were terminated by filtration through 25 mm the bioassays were collected in 40 mL glass vials, poisoned
10 pm polycarbonate filters (Nuclepdtry with extensive  with a saturated solution of mercuric chloride and anal-
rinsing with filtered seawater to remove any potential con-ysed within 2 days of collection. Dissolved inorganic carbon
tamination fromtC-labelled dissolved inorganic carbon. Fi- was determined using an Apollo AS-C3 (Apollo SciTech,
nally, 15mL Ultima Gold (Perkin-Elmer, UK) liquid scin- USA) with a precision of< 2 pmolkg . Phosphoric acid
tillation cocktail was added and the samples counted in thg10 %) was used to acidify the bioassay samples, and the to-
Tri-Carb Liquid Scintillation Counter. Spike activity was tal amount of CQ released was quantified using a LI-COR
assessed as with total PP and the average RSD of tripli(7000) CQ infrared analyser. Total alkalinity was deter-
cate microplankton PP measurements was 19 % (2-91 %)mnined for the bioassays using an Apollo AS-ALK2 (Apollo
Nanoplankton PP (hereia 10 um) was calculated as the dif- SciTech, USA) where each seawater sample was titrated with

ference between total PP and microplankton PP. 0.1 M hydrochloric acid (Dickson et al., 2007). Al sam-
ples were analysed at 26 (+0.1°C) using a water bath
2.3 Chlorophyll @, macronutrients and carbonate (GD120, Grant, UK) to maintain temperature. The Apollo
chemistry systems were calibrated daily using CRMs (batch 109).

Calcite saturation stat&¢), pHr andpCO, for both CTD

Total chlorophylla (Chl) was quantified according to Poul- samples and short-term bioassays were calculated ¢fpm
ton et al. (2010), with water samples (0.25L) filtered onto A, nutrients, temperature, salinity and pressure data using
Whatman GF/F filters, extracted in 8 mL 90 % acetone, andthe CO2SYS (CQ system) program (v. 1.05; Pierrot et al.,
stored at 4C for 18-20h. Fluorescence was measured on2006), with the dissociation constants (pKs) of Mehrbach et
a Turner Designs Trilogy Fluorometer, calibrated with puri- al. (1973) as refitted by Dickson and Millero (1987).
fied chlorophylla (Sigma, UK), and drift in the fluorome-
ter was monitored using a solid standard. Chlorophyll in the2.4 Nutrient and pCO bioassay
> 10 pum fraction was measured on a 10 um polycarbonate
filter (0.25L), with Chl in the< 10 um fraction calculated as Near-surface seawatex (0 m) was collected from three
the difference between the two. Surface macronutrient (ni-sites along the cruise track (Fig. 1) in order to conduct
trate+ nitrite, NOy; phosphate, Pg) silicic acid, dSi) con-  short-term (48 h) incubation experiments. These incubations
centrations were determined using an auto-analyser followare referred to as the “additional experiments” in Richier et
ing standard protocols (Grasshoff et al., 1983). al. (2014a) rather than the longer (96 h) “main” experiments

During D366, measurements to calculate carbonate chemalso performed during the June 2011 cruise. We also adopt
istry parameters were determined following two distinct pro- the identification scheme used in Richier et al. (2014a) to
tocols, one for the CTD samples and another for the bioasdistinguish these short experiments from the longer ones by
says. calling them 2B, 4B and 5B. Table 5 indicates the oceano-

For the CTD samples, the methodology for dissolved in-graphic conditions for each of the three additional bioas-
organic carbon(t) and total alkalinity A7) sampling and  say experiments which were performed under precisely con-
analysis followed Ribas-Ribas et al. (2014) and Bakker androlled light and temperature conditions in a purposely con-
Lee (2012), and is similar to Bakker et al. (2007). Dupli- verted commercial refrigeration container (see Methods in
cate water samples were drawn from the CTD into 250 mLRichier et al., 2014a). Briefly, 24 incubation bottles (1.25L)
borosilicate glass bottles following Dickson et al. (2007). were initially filled with unfiltered water containing the in-
CTD samples were poisoned with 50 pL of a saturated mertact plankton communities. Seawater was supplemented with
curic chloride solution and analysed 6t andAt on a VIN- low levels of major macronutrients (nitrate, NOphos-
DTA 3C instrument (Marianda, Germany). These water samphate, PQ; dissolved silicic acid, dSi) according to an

www.biogeosciences.net/11/3919/2014/ Biogeosciences, 11, 33182014
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Table 1.Hydrographic characteristics of productivity stations sampled in north-west European shelf waters, including station names, date sampled, station position, CTD numbgr, mixed

layer depth (ML-D), mixed layer temperature (ML-T), maximum Brunt-Vaiséla Frequeméynfax), euphotic zone deptlZgup), incidental irradiance (gg.]), average mixed layer m
irradiance £dv ), nitrate+ nitrite (NOx), phosphate (Pg), silicic acid (dSi), excess NQrelative to phosphateN*), excess dSi to NQ(Si*), pCO,, pHr and calcite saturation o
state (2¢c). Several sites were sampled twice during the cruise and these are denoted by a and b (e.g. BBa, BBb). S
(&)
Sampling Date Latitude, CTD ML-D ML-T Rimax Zeup Edioq WQEE NOx POy, dSi N* Si* pCO, pHT Q¢ m
sites longitude (m © 1°EmYH (M) (mol photons (umol kg (patm) =
m=2d-1) 3
Mingulay Reef ~ 08 June 56.47N, co7 30 11.2 0.19 28 47.6 9.4 11 01 21-06 1.0 346 8.10 3.69 W
(MRf) 07.28 W
Atlantic coast 11 June 52.08N, C15 25 12.0 0.22 38 47.3 14.6 4.4 0.2 17 0.4-2.7 346 8.10 3.90
(Atl) 11.42 W
Celtic SeaDeep 13June 51.36N, C19 27 13.3 0.42 33 50.9 134 0.1 0 02 0 0.2 330 8.12 4.19
Buoy (Cel) 05.43 W
Western English 15 June  50.01N, Cc24 23 13.8 0.41 42 47.6 17.3 0.1 0 04 -0.1 0.3 339 8.11 4.19
Channel (Ela) 04.22 W
Bay of Biscay 19 June 46.29N, C29 46 15.0 0.19 40 38.9 7.3 09 01 1104 0.2 345 8.11 4.36
(BBa) 07.12 W
Bay of Biscay 21 June  46.10N, C32 51 15.3 0.26 42 48.3 8.6 1.1 01 07-~02 -04 352 8.10 4.33
(BBb) 07.13 W
PEACE site 22 June  48.00N, C34 46 145 0.24 33 50.9 7.9 0.3 0 13-01 1.0 339 811 431
(PEA) 07.1P W
Western English 24 June  50.01N, C38 16 14.0 0.41 29 40.0 15.0 1.3 0.1 1403 0.1 335 8.12 4.26
Channel (E1b) 04.2° W
Southern North 26 June  52.59N, C43 Bot (37) 14.6 <0.01 16 62.3 3.0 07 01 07-10 0 411 8.04 3.60
Sea (sNS) —02.3CE
Heligoland 27 June  54.18N, C45 Bot (42) 14.3 <0.01 19 60.6 3.3 43 01 34 3.4-0.9 377 8.08 3.81
(Hel) —07.18E 3
North Sea 29 June 57.43N, C54 18 13.2 0.48 35 11.9 4.6 03 02 0429 0.1 328 8.12 4.05 N
(NSa) —04.35 E =)
North Sea 02 July 56.30N, C65 22 13.8 0.70 42 19.1 7.3 01 01 0.2-07 0.1 383 8.06 3.76 w
(NSb) —03.36 E o
Shetlands 03July 59.52N, Cc67 16 13.3 3.53 24 23.1 7.1 15 01 06 0.6-0.9 337 811 3.65 ™
(Sh) —04.07E -
Faroe Islands 05July  60.00N, C71 25 11.7 0.16 41 16.7 5.6 6.2 04 21-06 -41 320 8.13 4.04 B
(sFI) 05.59 W m
c
Q
@
o
S
m
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experimental design consisting of four conditions: (1) con-3 Results

trol, (2) 2umol kg? added NQ and dSi, (3) 0.2 umol kgt

and 2pmolkg! added PQ@ and dSi, respectively, and (4) 3.1 General hydrography

2pumolkg ! added NQ and dSi and 0.2 pmol kg added

POy (hereafter control+N, +P, +NP). A first set of tripli- A number of distinct hydrographic environments were sam-

cate bottles for each condition was kept at presentaia®,, pled around the NW European Shelf, including the open

while a second set was adjustedg@0O, projected for the ocean (BB, PEA), shelf-break (MRf, Atl, Sh, sFl), season-

year 2100 (target 750 patm GOsee Gattuso et al., 2010) ally stratified (Cel, E1, NS) and fully mixed (sNS, Hel)

(Table 5). Addition of dSi to all treatments aimed to encour- (Figs. 1 and 2) environments. Open-ocean sites generally had

age the growth of diatoms, if present, as the experimentathe deepest mixed layers @5 m), while mixed layer depths

protocol was designed to examine phytoplankton commu-were similar for shelf-break and stratified sites30 m) and

nity responses to nutrient addition ap@0, increases rather  fully mixed sites were mixed to the seafloor 40 m) (Ta-

than specific phytoplankton groups. ble 1; Fig. 2). There was a noticeable north—south gradient
Carbonate chemistry manipulation in the incubation bot-in mixed layer temperature of 3—-4°C (Fig. 1a; Table 1),

tles followed the method described in Richier et al. (2014a).with sea surface temperature at oceanic stations in the Bay of

Briefly, the initial carbonate chemistry in the seawater wasBiscay~ 15°C (Fig. 2).

characterised (see previous section) and subsequently ma- Mixed layer salinities were generally 34.8 except at the

nipulated in the incubation bottles using an equimolar addi-mixed sites (SNS, Hel) and off the Shetland Islands where

tion of strong acid (HCI, 1 mol kg') and sodium bicarbonate values were 33.2 and 34.1 and as low as 30.7, respectively

(NaHCG;, 1 mol kg™1) (Gattuso et al., 2010). In addition, (Table 1). The maximum value of the Brunt-Vais&la Fre-

three independent bottles were measurefhaind checked quency (N) occurred south of the Shetland Islands5@x

for the accuracy of the method. After 48 h incubation, sub-10° m~1), but it was also high (0.4-0.7 x3tn~1) at strati-

samples were removed for determination of carbonate chemrfied shelf sites including Cel, E1 and NS (Table 1). In con-

istry, macronutrient concentrations, chlorophytioncentra-  trast, the lowest values<(0.01 x 10°m~1) occurred at the

tions and coccolithophore cell abundances. Subsamples wefeally mixed sites (SNS, Hel) and values0.3x 10° m~1 were

also removed and processed for determination of rates of prifound at oceanic (BB, PEA) and shelf-break stations (MRf,

mary production and calcite production. The methodologyAtl, sFl).

for all these measurements followed those detailed above for Euphotic zone depthZey) was generally>24m and

the in situ measurements. showed little variability between hydrographic environ-
o o _ ments, although the shallowest euphotic zones (16-19m)
2.5 Data availability and statistical analysis were at the fully mixed sites (NS, Hel), likely due to sed-

iment resuspension. The ratio of mixed layer depth to eu-

All data included in the paper are available from the yotic 70ne depth was less than 1 at aimost all sampling sites
British Oceanographic Data Centre (BOD@ww.doi.org  (see Taple 1), apart from those associated with open-ocean

via Poulton (2014) for the discrete measurements of primary,,qitions (BB, PEA) and at MRY, indicating that the poten-

production and calcite production (dbl/s8q; Richier et i5| for cells to be mixed into sub-euphotic zone irradiance
al. (2014b) for measurements of calcite production and anc'l'conditions was limited to oceanic sites.

lary data from the experimental bioassays (HiMs8); and When expressed as the percentage of incident irradiance
Ribas-Ribas et al. (2014b) for ancillary da_ta (nutrients, car-.e. Edo,), average mixed layer irradiance (an indication
bonate chemistry) from the CTD casts (ddith). of the average irradiance experienced by cells in the mixed
_ Pearson product-moment correlationg\ere performed |56y was between 20 and 40 % for shelf-break and stratified
in SigmaPlot (V11) to describe the correlations betweensites, whereas it was 20 % for oceanic sites (BB, PEA) and
coccolithophore dynamics and environmental variables. FOL,q |qw as 5-6 % for the fully mixed sites (NS, Hel).
treatment effects_ in the experimer_nal bioassays one-way Daily photon fluxes for PAR (Eg,;) varied during the
ANalysis Of VAriance (ANOVA) (SigmaPlot V11.0) and ¢ ise with values> 40 mol photons m2d-1 until 24 June
pairwise  tests were performed (SigmaPlot V11.0). For E1b), increasing ta> 60 mol photons m2d—1 during the
normally distributed data, one-way ANOVA and pairwise pey; '3 gays (sNS, Hel) before decreasing dramatically to
Holm-Sidak comparisons were used, while for non-normally _ 54 10 photonsm2d-1 for the remainder of the cruise
distributed data a Kruskal-Wallis one-way ANOVA on ranks (NS, Sh, sFI) as a result of bad weather in the North Sea.

and pairwise Dunn comparison of the ranks were used. s temporal trend in incident irradiance translated into dif-

ferences in absolute mixed layer irradiance values (Table 1)
that were slightly different than the percentage values.
Average mixed layer irradiancesEq¢mL)) at shelf-
break sites varied from 9.4—14.6 molphotonsid—1
(MRf, Atl) to 5.6—7.1 molphotonsm?d~1 (Sh, sFI) and
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from 13.4-17.3molphotonsmdd~1 (Cel, E1) to 4.6— generally low concentrations<(30 mg n12) at the stratified
7.3 mol photons m? d—1 at stratified central North Sea sites. shelf (Cel, E1, NS) and open-ocean (BB) sites, although in-
In the open ocean, average mixed layer irradiance was 7.3tegrated total Chl was 60 mgnT2 at the open-ocean PEA
8.6 mol photons m?d~1 (BB, PEA), while low values were site. Shelf-break sites had both moderate (40-45mgm
found at the fully mixed sites (3.0-3.3mol photonsfad~1)  Atl, Sh, sFI) and high £ 90 mgnT?) integrated total Chl,

(Table 1). whereas mixed shelf sites had both low30 mg nT2, sNS)
Surface concentrations of NOPQ; and dSi at the strat- and high & 80 mgn12, Hel) values (Table 2).
ified shelf sites (Cel, Ela, NS) were below 0.3 pmotkg Integrated euphotic zone microplanktos 10 um) Chl

0.2umolkg?! and 0.4pmolkg?, respectively (Table 1; varied from 2.6 to 78.0 mgnt, with highest values found
Fig. 2). The notable exception was on the second visit toat the mixed Hel site (data not shown). When expressed
E1l (Elb, 24 June), when surface concentrations of B as a percentage of total Chl, nanoplankton Ghl1Q pm)

dSi were elevated relative to initial conditions, indicating a contributions ranged from 8 to 97 %, with the lowest value
mixing event between visits. Sites near the shelf-break hadound at the Hel site (Table 2). At almost all sampling sites
higher NQ, (1.1-6.2 umolkg?'), PQy (0.1-0.4 umol kg?) the <10 um fraction was the dominant contributor to total
and dSi (0.6-2.1 pmol ki) than stratified sites on the shelf, Chl, as shown in the scatter plot of total and microplank-
while open-ocean sites had N®f ~ 0.3-1.1 pmol kg?, ton integrated Chl (Fig. 4a). The exceptions were at the Hel
PO; < 0.1 pmol kgt and dSi of 0.7-1.3umol kif (Table 1;  site where microplankton Chl contributed 92 %, and at E1b
Fig. 2). The two mixed sites on the shelf had quite differ- where it was 55 % (Fig. 4a).

ent nutrient concentrations, with Hel having higher,N@nd Discrete measurements of total primary production (PP)
dSi) values than sNS, while the two had similarj/f®@ncen-  varied from < 0.1 to 6 mmol C m3 d-1, with low values
trations (Table 1; Fig. 2). generally at the base of the euphotic zone and highest rates

The value of N*, expressed asv* =NOy — 16 x POy at the Hel site (Fig. 3). In general, the vertical profiles of
(e.g. Moore et al., 2009) was generally negative (MRf, E1,total PP (Fig. 3) showed high values in upper waters and de-
BB, PEA, sNS, NS, sFl), indicating low NQroncentrations  creased with depth (irradiance), with little or no evidence of
relative to PQ, apart from at Atl, Hel and Sh which indicated sub-surface productivity maxima. Integrated euphotic zone
high NO, concentrations relative to low R@Table 1). Sta-  total PP ranged from 45.2 to 229.9 mmol CHu~—1 (Ta-
tion Hel had the highest positivé*, indicating high residual  ble 2), with values between 45.2 and 128.6 mmol Cnut 1
NOx relative to low PQ, while station NSa had the lowest in stratified shelf sites (Cel, E1, NS) and between 73.5
negativeN*. The value of Si*, expressed as S#dSi— NOy and 151.6mmolCm2d-1 in shelf-break sites (MR, Atl,
(e.g. Bibby and Moore, 2011), was negative at several sitesSh, sFl). Open-ocean sites (BB, PEA) had integrated to-
(Atl, BBb, Hel, Sh, SFI), indicating low dSi concentrations tal PP between 88.1 and 229.9 mmol Cha~1 and the
relative to NQ, but positive at others (MRf, Cel, E1, BBa, mixed shelf sites (sNS, Hel) had values between 89.5 and
PEA, sNS, NS), indicating enhanced dSi concentrations rel197.9 mmol Cm2d~1 (Table 2).
ative to low NG (Table 1). Stations MRf and PEA had the  Integrated total Chl and total PP were significantly
highest positive Si* (1), indicating high residual dSi concen- positively correlated {=0.76, p <0.005, n = 14). Inte-
trations relative to nitrate, whereas stations sF4() and  grated microplankton 10pum) PP varied from 3.8 to
Atl (—2.7) had the lowest negative Si*. 169.3 mmol C m? d~1, with the highest value at the Hel site

Surface water pidvalues varied from 8.04 to 8.13, show- (data not shown). When expressed as a percentage of total
ing variability of less than 0.1 pH units between productivity PP, nanoplankton PP ranged from 14 to 96 %, with the lowest
stations, and was lowest in the sNS (Table 1). Calcite satueontribution at the Hel site (Table 2). At almost all the pro-
ration states varied from 3.60 to 4.36, with the lowest valueductivity sites, the< 10 pum fraction was the dominant con-
in the sNS and the highest values at the open-ocean stationigbutor to total PP (Table 2), as shown in the scatter plot

(BB, PEA) (Table 1). of total and nanoplankton PP (Fig. 4b). The exception, again,
was the Hel site where the microplankton fraction dominated
3.2 In situ chlorophyll and primary production PP (Fig. 4b).

Discrete measurements of total chlorophyll (Chl) varied from 3.3  In situ calcite production, coccolithophore

<1mgnt3 to a maximum of~5mgnt2 (Fig. 3). Verti- abundance and cell-specific calcification

cal profiles of total Chl showed either uniform concentra-

tions through the mixed layer and/or euphotic zone (e.g. Atl,Discrete measurements of calcite production (CP) varied
E1, PEA) or deep maxima associated with the base of thérom < 10 to 825 pmol C m3d—1, with low rates generally
mixed layer (e.g. Cel, Sh). Highest total Chl was found atfound at the base of the euphotic zone (Fig. 5). Vertical pro-
the fully mixed Hel station and lowest Chl at the NS and files of CP generally showed high rates near to the surface at
BB sites (Fig. 3). Integrated euphotic zone total Chl con-the top of the euphotic zone, and often these then decreased
centrations ranged from 20.9 to 93.1 mg#(Table 2), with  with increasing depth and were associated with decreasing
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Table 2. Euphotic zone integrals of total chlorophyll (), total primary production (RE), calcite production (CP), ratio of calcite
production to primary production (CP : PP), nanoplankton contributions tgGinid Pyt and coccolithophore contributions to @gfand
PFhano

Nanoplankton Coccolithophore
Sampling CTD Chbt PRot CP CP: PRt contributions (%)  contributions (%)
site (mgnr2) (mmolCni2d=1) (mol:mol) Chit PRot PRot PRhano
MRf C07 931 151.6 2.7 0.02 97 96 1 1
Atl Ci15 407 1279 4.0 0.03 91 95 2 2
Cel Cl9 285 128.6 0.7 0.01 ND 77 <1 <1
Ela c24 227 68.0 6.3 0.09 67 61 6 11
BBa C29 26.2 88.1 0.6 0.01 82 87 <1 1
BBb C32 291 122.8 1.5 0.01 64 85 1 1
PEA C34 645 2299 1.2 0.01 92 93 <1 <1
Elb C38 307 95.2 3.7 0.04 45 71 3 4
sNS C43  29.7 89.5 0.6 0.01 85 93 <1 1
Hel C45 85.0 1979 9.6 0.05 8 14 3 23
NSa C54 25.8 52.5 1.8 0.03 90 83 2 3
NSb C65 209 45.2 1.2 0.03 78 92 2 2
Sh C67 444 735 2.1 0.03 82 88 2 2
sFI C71 393 104.2 0.7 0.01 89 80 <1 1
ND is not determined.
Total PP (mmol C m® d™) Total PP (mmol C m®d")  Total PP (mmolCm®d”)  Total PP (mmol C m® d”) Total PP (mmol C m?d™)
0 3 6 0 3 6 0 3 6 0 3 6 0 3 6
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Figure 3. Vertical profiles of total primary productivity (total PP, mmol Cthd—1) and total chlorophyll (total Chl, mgm?) over the
euphotic zone. Dashed lines indicate mixed layer depths.
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irradiance, with no evidence of significant sub-surface peaks
in CP (Fig. 5). Highest discrete measurements of CP were
found in surface waters at Hebk(700 pmol C mt3d~1) and

the lowest were found in the stratified shelf waters at Cel.

Integrated euphotic zone CP varied from 0.6 to
9.6 mmol Cnr2d~1, with highest integrated CP at Hel (Ta-
ble 2; Fig. 4c). Apart from the Atl and E1 sites, integrated
CP was less than 3mmol Cthd~! for the other sampling
sites. The ratio of integrated CP to PP varied frari.01 to
0.09, indicating that CP never contributed more than 10 % to
the total carbon fixation=£ CP+ total PP). Highest CP to PP
ratios were observed at Ela, whereas the site with the highest
integrated CP (Hel) had a CP: PP ratio of only 0.05 (i.e. de-
spite the highest discrete and integrated CP values at Hel, CP
was only 5% of total carbon fixation) (Table 2; Fig. 4c). CP
showed no significant(> 0.1) correlations with total Chl or
PP, but did show significantp(< 0.001) relationships with
microplankton Chl£ = 0.80,n = 13) and microplankton PP
(r=0.79,n = 14).

Discrete measurements of coccolithophore abundances
ranged from< 1cellmL~1 (Cel) to 898 cells mE® (Hel)
across the 14 sampling sites (Fig. 5), and this abundance pat-
tern agreed well with cell numbers averaged over the upper
euphotic zone € 30 m) (Table 3). Vertical profiles of coc-
colithophore cell numbers were slightly more variable with
depth than CP profiles, although most profiles showed uni-
form or decreasing numbers with depth (Fig. Bmiliania
huxleyiwas the dominant species at most sites, typically rep-
resenting more than 70 % of total cell numbers at all but a few
sites (Cel, PEA) (Table 3). Other coccolithophore species
present includedsephyrocapsa muellera&syracosphaera
spp., Coronosphaera mediterrangaAcanthoica quattro-
sping Coccolithus pelagicysBraarudosphaera bigelowii
Calcidiscus leptoporusand Algirosphaera robustaYoung
et al., 2014). Offshore at the BB and PEA statioBshux-
leyi dominance was reduceet 80 % total cells), with either
G. muellerag (BB) or Syracosphaerapp. (PEA) becoming
a significant component of the assemblage.

Dividing CP by cell numbers allows calculation of
cell specific rates (cell-CF), an index of cellular calci-
fication by the species present (Poulton et al.,, 2010).
Discrete measurements of cell-CF were generally
<1.5pmolCceltld=! apart from at Cel where they
went up to over 30 pmol C celt d~1 and deep in the water
column at BB where they went up to 4 pmol C céld—?
(Fig. 6). In the case of Cel, light microscope cell counts
were at the limit of detection 1 mL~1) despite significant
CP. Examination of surface SEM images from Cel observed
~26cellsml-! (A. quattrospina Syracosphaera borealis
and an unidentified holococcolithophorid), which leads to a
median recalculated cell-CF value of 1.5 pmol Ctet—1
(Table 3). At the BB stations. muelleraerepresented
20-30% of the total coccolithophore community in sur-
face waters, and in the case of BBb it increased to equal
numbers withE. huxleyi at depths where cell-CF was
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Table 3.Upper euphotic zone averageissd) of coccolithophore cellular abundandéshuxleyirelative abundance, calcite production (CP),

and cell-normalised calcification rate (cell-CF).

Relative

Station CTD Coccolithophore E. huxleyi CP Cell-CF

abundance abundance (umolC (pmolC

(cellsmL™1) (%) m3d1) cellmld?1
MRf C07 225 (46) 100 (0) 120(22)  0.5(0.1)
Atl C15 629(18) 99.6 (0.4) 131 (35) 0.2(0.1)
Cel C19 1 (0)[26} 0 (0) 39 (12) 39 (12) [1.5]
Ela C24 630 (69) 100 (-) 312(13)  0.5(0.01)
BBa C29 35(12) 75.6(5.4) 18(6) 0.6 (0.3)
BBb C32 26(3) 74.6(9.6) 38(5) 1.5(0.3)
PEA C34 114 (18) 60 (15.6) 46 (4) 0.4 (0.1)
Elb C38 671(31) 100 (0) 197 (25) 0.3 (0.01)
sNS C43  41(13) 99.7 (0.1)  43(20) 1.0 (0.2)
Hel C45 818(88) 100 (-) 665 (139) 0.8(0.1)
NSa C54 376 (173) 100 (-) 54 (17) 0.2 (0.1)
NSbh C65 231(0) 100 (-) 39 (11) 0.2 (0.01)
Sh C67 499 (185) 99.4 (4.2) 60 (20) 0.1(0.1)
sFI C71 90 (20) 99.5(10.7) 20 (13) 0.2(0.2)

* Values based on SEM counts (Poulton, unpublished). ND is not determined.
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Figure 5. Vertical profiles of calcite production (CP, pmol Cl?ndfl) and coccosphere abundance (Cells; ThLover the euphotic zone.
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Figure 6. Vertical profiles of cell-normalised calcite production (cell-CF, pmol C‘c’ed_l) over the euphotic zone. Dashed line indicates
mixed layer depth (ML-D).

> 3pmol C celt1d~1 (Fig. 6). The vertical profiles of cell- (Table 4). The negative correlation betwenhuxelyirela-

CF generally showed either uniform or slight decreases withtive abundance anfc was the only significant correlation
depth, with the notable exception of BBb where it increasedfound between a parameter of the carbonate chemistry and
below 22 m. Average cell-CF over the upper euphotic zonein situ coccolithophore dynamics (Table 4). When only the
(<30m) (Table 3) generally agreed well with the vertical stations which were stratified (i.e. not including Cel, sNS
profiles (Fig. 5), ranging from 0.1 to 1.5 pmol C célid—* and Hel) were examined, positive correlations were found

at most sites. between mixed layer average irradiandedgu. ;) and in-
tegrated CP, as well as with mixed layer average CP and
3.4 Co-variability of in situ data with environmental coccolithophore abundance (Table 4). Stratified stations had
factors negative correlations between ML-D, coccolithophore abun-

dance and. huxleyirelative abundance, whereas a positive

Statistical comparisons (Pearson product-moment correlaéorrelation described the relationship between ML-D and
tions,r) were made between environmental factors (Table 1)ce_3II-CF. Str_atn‘led stations also s_howed a negative correlation
and various coccolithophore metrics: CP, coccolithophoreWith the ratio of ML-D to euphotic zone deptiZéyp).
abundanceE. huxleyirelative abundance and cell-CF. These Consideration of stations wher. huxleyi dominated
statistical comparisons were performed at four levels: (a) for{i-€- not Cel, BBa, BBb, PEA) again showed positive cor-
all sampling stations (apart from Cel), (b) for stratified sta- relations withv* fqr'lntegrated'CP and mixed layer average
tions only (all apart from Cel, SNS and Hel), (c) for stations CP, as We_zll as positive correlations betw_een (_:eII-CF and ML-
whereE. huxleyiwas dominant$ 70 % of total cells) only D, the ratio of ML-D toZeyp and surface irradiance (fd)
(see Table 3), and (d) for stations whé&ehuxleyiwas dom- (Tgble 4)._ If thg Hel station is then removed from this gnal—
inant apart from Hel. Table 4 includes a summary of the sta¥YSiS: relationships wittv* disappear and strong correlations
tistically significant ¢ < 0.01) correlations found. occur betweerEdiu) and integrated CP, mixed layer CP
In the case of all sampling stations, significant correlations@nd coccolithophoreH. huxley) abundance. Also, the corre-
were found between both integrated and mixed layer averag&tions between cell-CF and ML-D, ML-DZeupand Edo+)
CP andN*, between cell-CF and mixed layer depth (ML- "eémain when the Hel station is not m_cluded in the analysis
D) and between the relative abundanc&ohuxleyiand ¢ (Table 4). Hence, the Hel site, with its extreme values of
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N* and Edjmij, strongly influences these relationships and bioassay experiment (E3) set up at the same location (Richier
when removed from the analysis reveals strong relationshipgt al., 2014a). Significantlyp(< 0.05) higher CP occurred in
between CP and irradiance. Furthermore, cell-CF correlateambient treatments relative to the higicO, treatment for
with ML-D in all cases (Table 4), but it is only when the off- all nutrient treatments apart from theN treatment (Fig. 7a).
shore stations whet. huxleyiis not dominant are removed A significant difference f < 0.05) in cell numbers between
from the analysis that relationships between cell-CF, inciden-ambient and higlpCO, was only observed in the NP treat-

tal irradiance (E@+) and the ratio of ML-D taZe pbecome  ment, while a significant{ < 0.05) difference in terms of

significant. cell-CF was only evident in the-P treatment (Fig. 7a). No
significant differences were detected in one-way ANOVAs
3.5 Nutrient and pCO> bioassays for the different nutrient treatments at either £@vel for

CP (p = 0.95 for ambientp = 0.82 for 750 patm C¢), cell
The results from the short-term (48 h) nutrient an@0O, numbers p =0.95 andp = 0.09, respectively) or cell-CF
bioassays are summarised in Fig. 7, which shows CP, cocfp = 0.25 andp = 0.41, respectively).
colithophore cell abundances and cell-CF for the three exper- For the second bioassay (northern North Sea), carbon-
iments. Carbonate chemistryCO,, pHr, Q2c) and nutrient  ate chemistry differences between initial, ambient and the
and total Chl concentrations in the bioassays are presentedb0 patm targete@CO, level were very similar to the Bay
in Table 5. Additional variables({t, AT, salinity, tempera-  of Biscay experiment: with a 0.3 unit decrease in pHand
ture and depth) are presented in Richier et al. (2014@D, a rough halving ofQ¢ (2.2-2.3 versus 4.0-4.1; Table 5).
treatments included an ambient control and a targeted inin the nutrient manipulated treatments, there was very lit-
crease to~ 750 patm, whereas nutrient amendments includedle drawdown in terms of NQ PQy or dSi over the 48 h
a control, an N@ addition (-N), a PQ addition ¢-P) and a  of the incubation, apart from in the ambiepNP treatment,
combined NQ and PQ addition (-NP) (see Sect. 2). Pair- where NQ concentrations were reduced to 1.3 pmol Nkg
wise  tests were used to test differences between ambienand PQ concentrations to 0.1 umol P k§relative to the ad-
and 750 patm treatments and one-way ANOVAs followed byditions (Table 5). Total Chl concentrations were30—-40 %
pairwiser tests were used to examine nutrient treatment ef-higher in the ambient treatments relative to the initial and
fects (Fig. 7; see Sect. 2). 750 patm targepCO, treatments. Here again, nutrient con-

The coccolithophore species composition for the three nusumption and biomass followed the same trend after a 48 h
trient and pCO, bioassays differed between experiments. incubation period in the 96 h main bioassay set up in a simi-
The initial coccolithophore community in the first bioassay lar area (Richier et al., 2014a). In terms of CP, pairwitests
(Bay of Biscay) was similar to in situ samples with a rough found significant p < 0.005) differences betwegrCO, lev-

70: 30 percentage split betweé&n huxleyiandG. muellerae  els in both thet-N and+NP treatments (Fig. 7b). No signifi-
(SEM counts; Young unpublished). The first bioassay alsocant differences betweegrCO, treatments were observed in
had the lowest initial cell abundance (15 cellsmldashed terms of cell numbers; however, there were significant dif-
line on Fig. 7). In contrast, the second and third bioas-ferences in cell-CF in the control treatments< 0.05) and
says had monospecific coccolithophore communities of+N treatment p < 0.005). The second bioassay also showed
E. huxleyiat the initial time point and generally had rel- a strong nutrient response under ambient conditions in CP,
atively higher cell densities at both the initial time point with significantly (p < 0.05) increased CP in theNP treat-
(146 cellsml-! and 112 cellsmtl, respectively) and after ments relative to the controls at ambigr€0, (Fig. 7b). No
48h (> 300cellsmL?! and > 150 cells mL-L, respectively)  significant differences in terms of nutrient treatments were
(Fig. 7). Unfortunately, no data is available on the relative observed (one-way ANOVAS) at eitheitCO, level for ei-
species composition in these bioassays at the end of the irther cell abundancesy(= 0.34 for ambient,p = 0.79 for
cubations. 750 patm) or cell-CFg{ = 0.06 andp = 0.22, respectively).

In the first bioassay (Bay of Biscay), initial and ambient In the third bioassay (Norwegian Trench), carbonate
pCO; levels were very similar (340 patm and 330—341 patm,chemistry differences between initial, ambient and the
respectively), as were pHvalues ¢ 8.1) andQ¢c (4.4 and 750 patm targete@CO;, level were similar to the other ex-
4.3-4.5) (Table 5). Manipulation gpCO, levels led to a  periments, with a~ 0.3 unit decrease in pHand a rough
decrease in pidby 0.2-0.3 units between ambient and the halving of Q¢ (2.1 versus 3.6-3.9; Table 5). Nutrient draw-
750 patm targepCOs level at the end of the experiment and down in the third experiment occurred in both the ambi-
a rough halving ofQc to values~ 2.6-2.7, while nutrient ent and 750 patnpCO, treatments, with similar decreases
additions showed little drawdown over the 48 h of the extraof NOy and PQ independent ofpCO;, treatment in the
2 umol kgt of NOy or dSi, or 0.2pumolkg! of POy (Ta-  +N and +P treatments. In contrast, in theNP treat-
ble 5). Total Chl was consistently higher by a factor of 2-3 ments, at bothpCO, levels, there were larger decreases
between ambient and the higitO, levels (Table 5). Asim-  of NOy (~0.8—1.0 pmol N kg?) than in the single-nutrient
ilar decrease in nutrient drawdown and biomass in responstreatments ¢ 0.4-0.6 umol N kg?t). Total Chl was higher
to high pCO, was also observed after 48 h of incubation in ain +N and +NP treatments relative to the control and®
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Table 4. Summary of statistically significanp(< 0.01) correlations between coccolithophore dynamics and environmental conditions across
different sets of sampling stations.

Sampling sites

Pearson product-moment correlationsdnd p values

All

(13)

(not Cel)
Stratified
(not Cel, sNS, Hel)

E. huxleyidominated

(not Cel, BBa, BBb, PEA)

E. huxleyidominated

(not Cel, BBa, BBb, PEA, Hel)

Integrated CPN* (0.72, p = 0.005); Mixed layer average CR:* (0.76, p = 0.002);
RelativeE. huxleyiabundancef2c (—0.66, p =0.014); cell-CF: ML-D (0.74p = 0.004)
Integrated CP: gy} (0.91, p =0.0001); Mixed layer average CP: gl ; (0.90, p =0.0001);
Coccolithophore abundance: ML-B(75, p = 0.008), Egh ) (0.72,p =0.013);

RelativeE. huxleyiabundance: ML-D+0.89, p =0.0002), ML-DZeyp(—0.86, p =0.001);

cell-CF: ML-D (0.75,p =0.008)

Integrated CR* (0.77, p = 0.009); Mixed layer average CR:* (0.80, p = 0.006);

cell-CF: ML-D (0.913 = 0.0003), ML-DZeyp(0.91, p = 0.0003), Egp (0.83,p =0.003)

Integrated CP: 4l | (0.93, p =0.0002); Mixed layer average CP: &l ; (0.90, p =0.0009);

Coccolithophore abundancgj/fegl (0.83, p = 0.005); cell-CF: ML-D (0.91p =0.0007),
ML-D: Zeup(0.88,p =0.002), E¢o,; (0.79,p =0.012)
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Figure 7. Results from nutrient and/ogpCO, amendment experiments for calcite production (CP), coccosphere abundance (cells) and
cell-normalised calcification (cell-CF). Experiments are fi@ Bay of Biscay,(B) northern North Sea an) Norwegian Trench. Dashed

lines indicated average initial rates and standing stocks. Asterisks indicate significant results from p&stédeetween ambient and target

750 patm treatments: p < 0.05, ** p <0.01, *** p < 0.005. Letters indicate significant (< 0.05) groupings from one-way ANOVA and
pairwiser tests between nutrient treatments and controls.

treatments, although the difference was lower in the 750 patnto pCO; level, but there was a significant (one-way ANOVA,
targetpCO; treatments than in the ambient one (Table 5). In p < 0.05) nutrient treatment effect, with theNP treatment
terms of CP, there was no significant difference with respecbeing much higher than the control N at ambientpCO,

Biogeosciences, 11, 3919940 2014
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Table 5. Average sd) values for variables in the short-term (48 h) bioassay experiments. Experimental treatments are asHulligws:
2 umol kg1 nitrate and silicate3P is 0.2 pmol kgt phosphate and 2 pmol k¢ silicate; and+NP is 2 umol kg2 nitrate and silicate and

0.2pmol kg1 phosphate. Bioassay experiment numbers (2B, 4B and 5B) refer to the entirety of the cruise bioassays (see Richier et al.,

2014a).
Bioassay Treatment pCOy pHT Qc NOx POy dsi Total Chl
(Hatm) (Hmolkg 1) (mgm-3)
Bay of Initial 340.3 8.1 4.4 0.9(0.1) 0.1(0.0) 1.2(0.0) 0.6(0.1)
Biscay Ambient, control  330.0 (3.7) 8.1(0.0) 45(0.00 0.2(0.0) 0.0(0.00 1.2(0.1) 1.4(0.0
(2B) Ambient,+N 340.8(7.7) 81(0.0) 4.3(0.1) 2.3(0.1) 0.0(0.0) 3.2(0.1) 15(0.3)
Ambient,+P 333.0(2.2) 8.1(0.00 44(.0) 02(0.1) 0.2(0.0) 32(0.0) 14(0.1)
Ambient,+NP 341.7(5.5) 8.1(0.0)0 4.3(.1) 23(0.1) 0.3(0.0) 32(0.0) 1.3(0.1)
750, control 660.6 (6.5) 7.9(0.0) 27(0.0) 0.8(0.0) 0.1(0.0) 1.2(0.0) 0.4(0.0)
750,+N 686.0(12.4) 7.8(0.0) 2.6(0.0) 2.8(0.1) 0.1(0.0) 3.2(0.1) 0.5(0.1)
750,+P 690.5(6.2) 7.8(0.0) 2.6(0.0)0 0.8(0.0)0 0.3(0.0) 3.2(0.0) 0.4(0.1)
750,+NP 685.5(15.0) 7.8(0.0) 2.6(0.1) 3.0(0.0) 0.3(0.0) 3.2(0.0) 0.5(0.0)
Northern Initial 327.3 8.1 4.0 0.3(0.0) 0.0(0.0) 0.3(0.0) 0.5(0.0)
North Sea  Ambient, control  328.2 (7.8) 8.1(0.0) 4.0(0.1) 0.2(0.00 0.0(0.00 22(0.1) 0.9(0.2)
(4B) Ambient,+N 321.4(35) 81(0.00 4.1(0.0) 1.9(0.1) 0.0(0.0) 22(0.0) 1.0(0.1)
Ambient,+P 325.3(8.7) 81(0.0) 4.0(0.1) 0.2(0.0) 0.2(0.0) 22(0.0) 0.9(0.1)
Ambient,+NP 322.6(8.8) 81(.00 4.0(.1) 13(0.1) 0.1(0.0) 23(0.00 1.9(0.2
750, control 7039(0.4) 7.8(0.0) 22(0.0) 0.3(0.1) 0.0(0.0) 2.2(0.0) 0.4(0.1)
750,+N 698.6(9.7) 7.8(0.0) 22(0.0) 2.3(0.1) 0.0(0.0) 2.3(0.0) 0.6(0.1)
750,+P 701.2(35.8) 7.8(0.0) 2.2(0.1) 0.3(0.0)0 0.2(0.0) 2.2(0.0) 0.6(0.0)
750,4+NP 682.4(30.9) 7.8(0.0) 2.3(0.1) 2.3(0.0) 0.2(0.0) 2.3(0.0) 0.7(0.0)
Norwegian Initial 310.7 8.1 3.9 0.3(0.0) 0.0(0.0) 0.0(0.0) 0.8(0.0)
Trench Ambient, control  324.0(8.0) 8.1(0.0) 3.7(0.1) 0.3(0.0) 0.0(0.0) 1.8(0.0) 0.6(0.0)
(5B) Ambient,+ N 312.3(8.8) 8.1(0.00 38(0.1) 1.7(0.0)0 0.0(0.0)0 1.7(0.0) 1.0(0.0)
Ambient,+P 340.7(8.2) 81(0.0) 3.6(0.1) 0.3(0.0) 0.1(0.0) 1.8(0.0) 0.6(0.1)
Ambient,+NP 316.3(10.4) 8.1(0.0) 3.8(0.1) 0.9(0.1) 0.1(0.0) 1.7(0.0) 1.7(0.1)
750, control 671.0(34.5) 7.8(0.0) 2.1(0.1) 0.3(0.0) 0.0(0.0) 1.8(0.0) 0.4(0.1)
750,+N 665.9 (17.4) 7.8(0.0) 2.1(0.0) 1.9(0.1) 0.0(0.0) 1.8(0.0) 0.7(0.1)
750,+P 674.8(20.3) 7.8(0.0) 21(0.1) 0.3(0.0) 0.1(0.0) 1.9(0.0) 0.4(0.0)
750,+NP 692.9 (19.4) 7.8(0.0) 2.1(0.1) 15(0.2) 0.1(0.0) 1.7(0.1) 1.1(0.1)

(Fig. 7c). Cell numbers showed a significantly & 0.05)
higher value betweempCO, levels in the+NP treatment
only, whereas cell-CF was significantly differept £ 0.05)
betweenpCQO, levels in the control treatment. Cell num- ing the spring diatom-dominated bloom, the phytoplankton
bers also responded to nutrient amendment, with cell numeommunity during summer 2011 was dominated by small
bers being significant higher (one-way ANOVA,< 0.05)
in the +NP treatment at ambieptCO, (Fig. 7c). Although
there was a strong response to nutrients in the third bioassafl awson, 2013). Estimates of coccolithophore contributions
this was only found at ambiemtCOy, not at elevategh CO,
and was completely absent in cell-CF at b@iGO, levels
(p = 0.16 for ambient angb = 0.32 for 750 patm).

4 Discussion

4.1 Coccolithophore production in NW European shelf

waters

pean shelf, present at almost all sampling sites from open-
ocean and shelf-break communities to those in shelf waters
under both stratified and mixed physical regimes. Follow-

(< 10um) autotrophs (Fig. 4; Table 2), apart from at a few
sampling sites in specific environments such as Heligoland

to total chlorophyll biomass and primary production were
generally< 3% and< 5% of nanoplankton< 10 um) pri-
mary production (Table 2). Exceptions to these low contri-
butions were found during the first sampling of the coccol-
ithophore bloom at the Western English Channel Observa-
tory (E1) and in the diatom bloom (maintyuinardia flacc-
cida) at the Heligoland site (Lawson, 2013).

The high coccolithophore abundance §00 cells mL1)
and high rates of CP at Heligoland (Fig. 5), alongside the
highest total Chl and PP of the cruise (Table 2), are somewhat

During June 2011, coccolithophores were a consistent comof a surprise. Although this site had the highest integrated CP
ponent of phytoplankton communities around the NW Euro-
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of the entire cruise, rather than the coccolithophore bloomdow contributions in shelf waters around the NW Euro-
at E1 and North Sea sites, coccolithophor&s [juxley) pean shelf £ 3%) fit with the global picture of coccol-
still only contributed 3% to total primary production and ithophores as minor contributors to total phytoplankton com-
~ 20 % towards the small proportion of nanoplankton pri- munity biomass and primary production. Even within coc-
mary production occurring at this site (Table 2). A rough colithophore blooms, characterised by high concentrations
estimate ofE. huxleyiChl contribution, based on average of detached coccoliths and standing stocks of calcite, coc-
mixed layer cell numbers (Table 3) and CH 4.5 mgn13) colithophores often represert40 % of total primary pro-
and a cellular Chl content of 0.2 pgChlcelt! (Haxo, duction (Poulton et al., 2007, 2013). Clearly, a major role of
1985), indicates th&E. huxleyialso only contributed- 4 % coccolithophores in pelagic communities is due to the for-
of total autotrophic community Chl. Heligoland was also mation of calcite rather than primary production, and coccol-
a fully mixed (bottom depth 42m) site, with low mixed ithophores thus occupy the key role in global pelagic calcite
layer irradiances < 3 mol photons m2d—1), excess nitrate  production and export (Broecker and Clark, 2009).
relative to phosphate, high dSi concentrations (Table 1) and Despite small contributions to pelagic primary pro-
large & 50 um) diatom cellular abundances0 cells mL-1 duction, the CP rates measured in shelf waters were
(Lawson, 2013), i.e. conditions not generally associated withof the same magnitude as those measured in simi-
intense coccolithophore blooms (see Iglesias-Rodriguez efar studies in shelf waters and oceanic coccolithophore
al., 2002; Paasche, 2002; Tyrrell and Merico, 2004). blooms (see Poulton et al.,, 2007, 2013). The cruise-
During June 2011, we also sampled several nanoflagellateaverage integrated CP (2.6 mmolCHu~1) is equiva-
dominated communities with integrated ChI60 mgn1? lent to 0.26 g CaC@m—2d~1 (molecular weight of CaC®
and primary production- 150 mmolCnt2d-1, including  taken as 100), which is only slightly lower than the
Mingulay Reef and the PEACE site (Table 2). These0.36gCaC@m 2d-! average for measurements taken dur-
nanoflagellate “blooms” were associated with shelf-breaking late summer in the Iceland Basin (Poulton et al., 2010)
and open-ocean conditions, with coccolithophores (an obvibut ~ 100-1000 times lower than estimates of calcification
ous component of the nanoflagellate community) only rep-rates by benthic invertebrates such as echinoderms and mol-
resenting~ 1% of nanoflagellate primary production (Ta- luscs in shelf waters (e.g. Lebrato et al., 2010). Hence, al-
ble 2). In fact, despite the dominance of the nanoplanktonthough coccolithophore contributions to pelagic calcite pro-
size-range in shelf waters around the NW European shelfluction over the shelf are significant, benthic calcite produc-
during summer, coccolithophores were not an important contion is much higher and likely to be the dominant process in

stituent of these plankton communities. shallow (< 200 m) waters (Lebrato et al., 2010).
Apart from Heligoland, we also sampled two other
sites (E1, North Sea) with high-(400 cells mL-1) coccol- 4.2  Coccolithophore calcification in relation to

ithophore cell numbers and CP rates (Fig. 5) as well as hydrography and nutrients
high detached coccolith concentrations40-50< 10° mL~1
based on SEM counts; Poulton, unpublished). In the cas®iscrete measurements of CP generally decrease with irra-
of E1, integrated CP was 3mmol Cnr2d-1, while inthe  diance through the water column (Fig. 5), showing no ob-
North Sea integrated CP was2 mmol Cnt2d~1 (Table 2).  vious sub-surface maxima, even when sub-surface chloro-
Other studies in shelf sea environments have observed a sinphyll maxima were evident in the Chl profiles (e.g. Celtic
ilar range of integrated CP values in bloom conditions: 1.2-Sea, E1b, Shetland; Fig. 3). The same lack of vertical struc-
11.5mmol Cm2d-1, North Sea 1999 (Rees et al., 2002); ture is also seen in cell-CF (Fig. 6) and confirms earlier
1.2-11.6 mmolCm?d-1, Celtic Sea 2004 (Harlay et al., field observations of the strong (vertical) light-dependency
2010); and 0.4-7.3 mmol CTd d~1, Patagonian Shelf 2008 of calcification (Poulton et al., 2007, 2010). Estimates of
(Poulton et al., 2013). Satellite images have shown that theell-CF also had a similar range (0.1-1.0 pmol Cteti—1;
central North Sea bloom sampled during 2011 was at itsTable 3) to that found in other studies wheke hux-
most intense around 2—3 weeks before sampling (see Fig. [eyi was dominant, for example the Iceland Basin (0.3—
in Krueger-Hadfield et al., 2014), and hence our in situ0.8 pmol C celt1d—1; Poulton et al., 2010) and Patagonian
measurements were post-bloom. At the E1 and North Se&helf (0.1-0.6 pmol C celft d=1; Poulton et al., 2013). Val-
sites, coccolithophore contributions to total and nanoplank-ues above 1.5pmol C ceftd~! occurred at sites (Bay of
ton primary production (Table 2) were relatively low (0 % Biscay, PEACE site) where other specigs. (muellerae
and < 25 %, respectively) compared with similar estimates Syracosphaerapp.) were present and which have poten-
in coccolithophore blooms~30-40 %) (see Poulton et al., tially higher cellular inventories of calcite and hence higher
2007, 2013). cell-specific rates, a trend also seen in Arctic cell-CF mea-
Globally, coccolithophores are estimated to generally con-surements where species other tlarhuxleyiwere present
tribute 1-10% of total primary production in open-ocean (Charalampopoulou et al., 2011).
environments ranging from the subtropics to the subpo- Absolute nutrient concentrations had little influence on
lar Iceland Basin (Poulton et al., 2007, 2010). Hence, thebulk CP or cell-CF at the sampling sites in this study, whereas
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the nitrate-to-phosphate availability (expressedvé$ was  These changes in cell-CF in the northern North Sea bioas-
correlated p < 0.01) with integrated and mixed layer aver- say are well within the range reported f6r huxleyiin both
age CP at all sites, as well as at those wterbuxleyidom-  field (0.3-0.8 pmol C cetit d—1; Poulton et al., 2010) and
inated (Table 4). However, when the Heligoland site is ex-culture conditions (0.2—0.8 pmol C celid1; Balch et al.,
cluded from this analysis, no correlations are seen with  1996b). Around the Norwegian Trench (Fig. 7c¢), commu-
(Table 4), and hence the correlations observed betw&en nity CP also increased significantly & 0.05) in response
and CP are driven by the unique nature of the Heligoland siteo +NP addition and this response was mediated by a signif-
(high CP, highN*) rather than anything else. icant (p < 0.05) increase in cell numbers. In the open ocean
In contrast to macronutrients, various characteristics of(Fig. 7a), the mixed coccolithophore communityEfhux-
the light environment (e.g. average mixed layer irradianceleyi andG. muelleraeshowed no response to nutrient addi-
(E“d[ML])) did show relationships to both the coccolithophore tion, suggesting that other factors, such as light availability
community CP and cell-CF (Table 4). Previous work hasand/or micro-zooplankton grazing were regulating the coc-
found linkages betweerEdyy ) and species composition colithophore community in the Bay of Biscay at the time of
(Charalampopoulou et al., 2011), and in our measurementsampling.
from the north-west European Shelf, we also see significant Variability in coccolithophore community CP can be
correlations between integrated CP, average mixed layer CRaused by changes in either the abundance of coccol-
and coccolithophore cellular abundance at stratified sites anidhophore cells or cell-CF (Poulton et al., 2010), and it ap-
at those wheré&. huxleyidominates (excluding Heligoland) pears that both factors change in responset+ddP dur-
(Table 4). Hence, coccolithophore community size (cellularing summer inE. huxleyidominated shelf waters around
abundance) and CP appear linked to the availability of lightthe NW European Shelf (Fig. 7b and c). Estimating (net)
within the mixed layer. growth rates based on the change in cell numbers between
Interestingly, cell-CF did not correlate witﬁ“d[ML] but initial samples (dashed lines on Fig. 7) and samples 48h
rather with mixed layer depth (ML-D), incidental irradiance later give rates ranging from 0.5 to 0.7din the North
at the sea surface (Rd;) and the ratio of ML-D to euphotic  Sea and 0.3 to 0.6d over the Norwegian Trench (data
zone depthZeyp) (Table 4). This is slightly surprising since not shown). The sharp increase in CP over the Norwegian
cell-CF is an “instantaneous” measure of coccolithophoreTrench is seen as an approximate doubling of net growth
calcification, potentially linked to cellular physiology and rates between the control (0.3% and+NP (0.6 d 1) treat-
growth rates (Poulton et al., 2010), and might be expectednents. In this bioassay, cell-CF was lower than initial values
to respond to short-term changes in irradiance rather tharor all treatments apart from the NP one which was ap-
water-column structure and stability (i.e. ML-D). However, proximately equal (0.6 pmol C celt d1) to the initial rate
cell-CF did correlate with incidental irradiance (&d), (0.7 pmol Ccelt1d—1) (Fig. 7c). In contrast, in the North
which varies in absolute terms with daily weather conditionsSea the net growth rates are similar across all treatments
rather than water-column structure (ML-D). Taken together,(0.6 d~ in control and 0.7 d! in +NP), while the cell-CF
these correlations between coccolithophore community CRn the +NP treatment (0.8 pmol C ceft d=1) is one of the
and cell-CF highlight how light availability exerts a strong few to be higher than the initial rate (0.5 pmol C célti—1).
influence on pelagic calcite production and coccolithophore CoccolithophoresKE. huxley) in shelf waters in summer
calcification. 2011 only responded when both nitrate and phosphate were
In contrast to the in situ observations, the nutrient addi-added together rather than one or the other alone, and re-
tion bioassays (Fig. 7) revealed strong but variable responsesponded through either an increased growth rate and sta-
from coccolithophores to the addition of nitrateN), phos-  ble cell-CF (Norwegian Trench, Fig. 7c) or through stable
phate ¢-P) or both ¢-NP), with the bioassays showing growth rates and increased cell-CF (North Sea, Fig. 7b). Ni-
stronger coccolithophore responses to nutrient addition irtrate and phosphate availability appeared to be the important
shelf environments (northern North Sea, Norwegian TrenchXactor regulating growth rates and cell-CF Bf huxleyiin
than in the open ocean (Bay of Biscay). Notably, the respons®&W European shelf waters (North Sea, Norwegian Trench)
to nutrient addition was limited to the ambien€O;, treat-  whereas other factors, such as irradiance and/or mortality, ap-
ments in all experiments (see Sect. 4.3). The response to ngeared more important in the open ocean (Bay of Biscay).
trient addition may also be linked to species composition,This contrasts with the in situ results which showed no rela-
with the two shelf bioassays showing strong responses taionships with nutrient concentrations, either absolute or rel-
+NP being dominated blg. huxleyj whereas the experiment ative to one another, across the sampling sites (Table 4).
exhibiting no response to nutrients had a mixed oceanic coc-
colithophore community oE. huxleyiandG. muellerae In 4.3 Coccolithophore calcification in relation to
the northern North Sea (Fig. 7b), community CP increased carbonate chemistry
significantly (p <0.05) in response tg-NP addition, with
the response being mediated by an increase in cell-CF, aln situ measurements showed only one relationship to a pa-
though no significant difference to the control was found. rameter of the carbonate chemistry: a significank(0.01)
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inverse correlation betweef2c and E. huxleyidominance Given these abrupt changes in carbonate chemistry,(pH
(Table 4). Across the sites sampled around the NW Euro-c), strong differences in CP, cell numbers and cell-CF be-
pean shelf in June 2011, ghvaried by~ 0.09 units (8.04to  tween ambient and the higheiCO, treatment (750 patm
8.13) while calcite saturation state¢) varied by~ 0.7 units ~ pCO, target) are not unsurprising (Fig. 7). An effect of in-
(3.60 to 4.36). Hence, this scale of variability in eitherpH creasingpCO, was observed in all three bioassays, although
or Qc did not appear to be enough to show a clear impact onit was more evident in the first two (Bay of Biscay, North
the coccolithophore community in shelf waters in summer. InSea) than the third (Norwegian Trench). These effects of el-
contrast, Charalampopoulou et al. (2011) found a change irvatedpCO, in the bioassays appear independent of species
species composition with variability in ptbf 0.4 units (8.05  composition as they occur in either mixed coccolithophore
to 8.45) and 0.9 units (3.5to 4.4) fac along a transect from  communities oE. huxleyiandG. muelleragBay of Biscay)
the North Sea to the Arctic. Similarly, Smith et al. (2012) ob- or monospecifi&. huxleyicommunities (North Sea, Norwe-
served changes in dominait huxleyimorphotypes in the gian Trench). As with the response to nutrient addition, the
Bay of Biscay between winter and summer with changes inresponse to sharp changes imp&hd Q¢ were seen in both
pHt of ~0.06 units (8.06 to0 8.13) and 1.6 units (3.6t0 5.2)  cell numbers and cell-CF.
in Qc. However, Poulton et al. (2011, 2013) found differ-  In the Norwegian Trench bioassay (Fig. 7a), significant
ences of~ 0.4 units (7.9 to 8.3) of piHand~ 2.3 units (3.2  (p < 0.05) reductions in CP between ambient and elevated
to 5.5) of Q¢ along the Patagonian Shelf, with tRehuxleyi ~ pCO, were linked to decreases in cell numbers (and growth
bloom at that time in waters at the low end of both the pHrates: 0.1d! in high pCO, and 0.5d?! in ambient) in
and Q¢ gradient. Clearly, the response of coccolithophorethe +NP treatment and decreases in cell-CF in thE
CP and community composition to carbonate chemistry istreatment. In the North Sea bioassay (Fig. 7B), significant
more complex than a simple inverse linear response. (p <0.005) reductions in CP were linked to decreases in
Importantly, around the NW European Shelf in June 2011cell-CF in the control and+N treatment, and in the case
no co-variability of pH orQ2c was observed with the other of +NP a sharp increase in cell-CF under ambient condi-
growth-limiting factors (e.g. temperature). This contraststions (0.8 pmol C cett! d—1), while the cell-CF under ele-
with other studies where variability in coccolithophore dy- vated pCO, (0.4 pmol C celt! d—1) was more similar to the
namics across pH aRc gradients (e.g. Charalampopoulou initial cell-CF (0.5 pmol C celt! d=1). In the third bioassay
et al., 2011; Smith et al., 2012; Poulton et al., 2011, 2013)over the Norwegian Trench (Fig. 7c¢), no clear differences in
are associated with co-varying gradients in growth-limiting CP were evident and (net) growth rates were relatively slow
factors such as temperature, nutrient concentrations and lig0.2-0.4 d1) in all treatments apart fromNP (0.6 d"1) un-
availability. This contrast in coccolithophore response to pHder ambient conditions, and the coccolithophore community
or Qc, between gradients where carbonate chemistry cohere seemed the least sensitive to extrgi®, changes
varies with other environmental parameters and gradient®ver 48 h.
where there is no co-variability implies that any correlation  Across the three experiments, CP was noticeably higher
between pH of2¢ and coccolithophore dynamics along en- than initial values in only the ambient conditions, apart from
vironmental gradients should be viewed with caution and inin the third bioassay where only theNP treatments were
the context of any naturally occurring co-correlation with nu- higher (Fig. 7). This trend is in contrast to that seen in cell
trient and light availability. numbers: cell numbers were higher in both ambient and el-
With this context in mind, it is useful to consider th€0, evatedpCQO, treatments relative to the initial values, apart
and nutrient manipulation experiments carried out in Junefrom in the case of-NP in the first bioassay (Fig. 7a). Hence,
2011. In this case, the pHand ¢ conditions were changed the coccolithophore communities almost always had positive
drastically compared with the natural gradients present in(net) growth rates, despite theCO, manipulation. For cell-
June 2011, with pidreduced by~ 0.3 units and2c reduced  CF, the first bioassay (Bay of Biscay) had similar values at
by ~ 1.8 units (Table 5). Such changes were enforced on théhe end relative to the initial, while in the second bioassay,
ambient populations withir: 12 h, which represents a much and especially in the third, cell-CF was lower than initial val-
faster shift in carbonate chemistry than will be experiencedues (Fig. 7). Again, the coccolithophore response to experi-
through ocean acidification over the next century. Hence, thanental manipulation (in this case viEC0O,) was mediated
bioassays tested coccolithophore sensitivity to sharp changdsy changes in cell numbers (growth rates) and cell-CF, and
in carbonate chemistry rather than acclimation to ocean acidthe sensitivity of the different coccolithophore communities
ification processes occurring over decades per se. In this corsampled to extrempgCO, changes was highly variable. This
text, even results generated through long-term experimentpattern of response (i.e. changes in growth rate and/or cell-
(Lohbeck et al., 2012; Jin et al., 2013) must be interpretedCF) is generally consistent with that seen in coccolithophore
with caution, as the timescale is still an order of magnitudebloom communities in experimental mesocosms exposed to
lower than the hundreds of generations or adaptation perioddifferent pCO, levels (Engel et al., 2005).
of microbes to ocean acidification in nature (Richier et al., Of the three coccolithophore communities exposed to
2014a). rapid changes in pHand Q¢ over short time periods (48 h)
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in this study, the response in terms of CP, cell-CF and coc5 Conclusions
colithophore cell numbers was muted in the slower-growing
coccolithophore community (Norwegian Trench) indicating During June 2011 coccolithophores formed only a small
either reduced sensitivity or that the experiment was too shorf< 5 %) contribution to total primary production in waters
to detect changes. Similar results were obtained in terms ofround the NW European shelf, despite the dominance of
phytoplankton biomass and productivity at this location in Phytoplankton community biomass and primary production
longer-term (96 h) bioassays (Richier et al., 2014a). The reby nanoflagellates< 10 pm) (Table 2). There was also an
sponse in CP and cell-CF to nutrient addition was rapid andPbvious shelf-oceanic divergence in coccolithophore species
clearly detectable in both the fast- and slow-growing coc-composition, with monospecifig. huxleyicommunities on
colithophore communities of the North Sea and Norwegianthe shelf and a more mixed coccolithophore community, in-
Trench, but only under ambieptCO,. The lack of response  cluding G. muellerag offshore. These differences were ev-
to nutrient addition by coccolithophores at elevae@O, ident in patterns of cell-specific calcification (cell-CF) and
implies that the coccolithophore communities were unablethe coccolithophore response to nutrient additions in the ex-
to respond to nutrient addition and failed to utilise nutrients Perimental bioassays (Fig. 7). Light availability, as indicated
to the same degree as under ambje@0,. Similar conclu- by mixed layer average irradianc&qimL;) and incidental
sions were drawn from trends in total phytoplankton biomasdrradiance (Eg), was correlated with community CP and
and production in the long-termCO; bioassay experiments Cell-CF (Table 4) for both shelf and oceanic coccolithophore
(Richier et al., 2014a) which ran in parallel to the experi- coOmmunities. In terms of the sharp changes in pH &ad
ments presented here. Richier et al. (2014a) suggest that tHxperienced by the coccolithophore community in the bioas-
suppression of net growth of the small cells {0pm) in  Says, responses to elevae@O, occurred in both shelf and
the long-termpCO, experiments is consistent with cell-size- 0ceanic coccolithophore communities and decreases in CP
specific differences in levels of adaptation to naturally ex-were mediated by reductions in growth rates and cell-CF.
perienced fluctuations in carbonate chemistry species withiVhile the response to nutrient addition appeared linked to
the environment, as previously hypothesised by Flynn etspecies composition in shelf and oceanic coccolithophore
al. (2012). However, neither the short-term experiments (precommunities, the response to eleva@dO, was indepen-
sented here) or the long-term experiments (Richier et al.dent of species composition and linked to initial growth rates
2014a) were designed to specifically examine this hypoth.Of the coccolithophore community. Such short-term experi-
esis, and hence we cannot unequivocally relate the respons@ents may not be indicative of future impacts from ocean
observed to specific physiological mechanisms. acidification on coastal coccolithophore communities but do
Generally, the response of the coccolithophore communiProvide information on the relative sensitivity of natural coc-
ties sampled in shelf waters in June 2011 to changing carcolithophores to sharp changesji@O,.
bonate chemistry was variable, with negative responses to
decreasing pH in two of the short-term experiments and no
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