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Abstract 25 

 26 

The extracellular release of dissolved organic carbon (DOC) by phytoplankton is a potentially 27 

important source of labile organic carbon for bacterioplankton in pelagic ecosystems. In the context 28 

of increasing seawater partial pressure of CO2 (pCO2), via the oceanic absorption of elevated 29 

atmospheric CO2 (ocean acidification), several previous studies have reported increases to the 30 

relative amount of carbon fixed into particulates, via primary production (PP), and dissolved phases 31 

(DOC). During the summer of 2012 we measured DOC production by phytoplankton communities 32 

in the Nordic seas of the Arctic Ocean (Greenland, Norwegian and Barents Sea) from both in situ 33 

sampling and during three bioassay experiments where pCO2 levels (targets ~550 µatm, ~750 34 

µatm, ~1000 µatm) were elevated relative to ambient conditions. Measurements of DOC 35 

production and PP came from 24 h incubations and therefore represent net DOC production rates, 36 

where an unknown portion of the DOC released has potentially been utilized by heterotrophic 37 

organisms. Production of DOC (net pDOC) by in situ communities varied from 0.09 to 0.64 mmol C 38 

m-3 d-1 (average 0.25 mmol C m-3 d-1), with comparative rates in two of the experimental bioassays 39 

(0.04 to 1.23 mmol C m-3 d-1) and increasing dramatically in the third (up to 5.88 mmol C m-3 d-1). 40 

When expressed as a fraction of total carbon fixation (i.e., PP plus pDOC), percentage 41 

extracellular release (PER) was 14% on average (range 2% to 46%) for in situ measurements, with 42 

PER in the three bioassays having a very similar range (2% to 50 %). A marked increase in pDOC 43 

(and PER) was only observed in one of the bioassays where nutrient levels (nitrate, silicic acid) 44 

dropped dramatically relative to starting (ambient) concentrations; no pCO2 treatment effect on 45 

pDOC (or PER) was evident across the three experiments. Examination of in situ net pDOC (and 46 

PER) found significant correlations with decreasing silicic acid and increasing euphotic zone depth, 47 

indicating that nutrient and light availability were strong drivers of the partitioning of primary 48 

production between particulate and dissolved phases. Furthermore, the third bioassay experiment 49 

had relatively high levels of diatom biomass as well as a strong response to nitrate and silicic acid 50 

depletion, and we suggest that nutrient starved or light limited diatom communities may be strong 51 

producers of DOC in Arctic ecosystems.   52 

 53 

Keywords:  54 

Dissolved Organic Carbon; Arctic Ocean; Ocean Acidification; Phytoplankton; Bacteria; Diatoms. 55 

  56 



 

 
3 

 

1.  Introduction 57 

 58 

The production of dissolved organic carbon (pDOC) relates to the fraction of photosynthetically 59 

fixed carbon that is subsequently released to the extracellular medium in a dissolved form and can 60 

represent a substantial fraction (up to 50%) of gross primary production (i.e. the sum of particulate 61 

and dissolved carbon fixation) (Marañón et al., 2005; Hansell, 2002; Hansell and Carlson, 2015). 62 

Production of DOC is an important source of organic carbon to sustain heterotrophic bacterial 63 

growth and respiration (Cole et al., 1982; Hansell, 2002; Hansell and Carlson, 2015). 64 

Phytoplankton production of DOC can occur through passive diffusion of low molecular compounds 65 

through the cell membrane, especially from small cells due to their low surface area to volume 66 

ratio, and through active release under conditions of high light and nutrient stress (Kiørbe 1993; 67 

López-Sandoval et al., 2011). Microzooplankton sloppy feeding, excretion and egestion may also 68 

be important sources of DOC (Nagata, 2000; Marañón et al., 2005; Robinson, 2008), especially in 69 

low nutrient conditions which are dominated by small cells and where the percentage of 70 

extracellular release (PER = 100 x (pDOC / PP + pDOC)) may represent 20 to 40% of gross 71 

primary production (e.g., Karl et al., 1998; Teira et al., 2001, 2003; López-Sandoval et al., 2011).  72 

 73 

Elevated pDOC (and PER) from cellular exudation under sub-optimal conditions for phytoplankton 74 

has been suggested to be a cellular mechanism to compensate for the uncoupling between high 75 

energy (light) and low nutrients (Marañón et al., 2005; López-Sandoval et al., 2011). However, 76 

pDOC can also result from a number of processes which are more related to community trophic 77 

interactions, such as sloppy feeding or viral lysis (Nagata, 2000), and hence it is important to 78 

consider how pDOC is measured when examining the source of DOC (Teira et al., 2001). A 79 

common method for measuring pDOC is through the separation of particulate and dissolved 80 

carbon fixation, with dissolved production representing pDOC. Radiolabelling (carbon-14) or using 81 

stable isotopes (carbon-13) potentially represents more accurate determinations of pDOC than 82 

time-series measurements of bulk DOC. Rapid utilization of photosynthetically fixed carbon by 83 

heterotrophic bacteria can also mask short-term DOC dynamics (Cole et al., 1982; Engel et al., 84 

2004, 2013) making the source and trophic interactions of DOC producers and consumers 85 

complex to interpret. Due to this rapid utilization of released DOC, long incubations (12-24 h) 86 

measuring DOC production are likely to represent net DOC production, after a portion of the DOC 87 

has been respired by bacterioplankton, rather than gross DOC production. 88 

 89 

Increased pDOC has also been linked to elevated pCO2, where increased carbon availability leads 90 

to an increased proportion of gross primary production (PP) being released into the dissolved 91 

phase (Engel et al., 2013). Such elevated pDOC has been seen in several studies (e.g., Engel et 92 

al., 2013) using mesocosm and other experimental setups to manipulate the pCO2 and pH 93 
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conditions of natural communities over timescales of days to weeks. However, such bioassays are 94 

often nutrient enriched during the experimental set up leading to increased DOC production during 95 

nutrient replete growth phases of the experiments (Czerny et al., 2013), although rapid utilization of 96 

freshly produced DOC by microbial elements of the community may again hide biogeochemical 97 

responses and relationships (Cole et al., 1982; Engel et al., 2004, 2013). Other studies have seen 98 

little or no response in pDOC (or PER) in experimentally manipulated communities, which may be 99 

linked to differing community structures, trophic interactions and environmental conditions 100 

(Yoshimura et al., 2010, 2013; Engel et al., 2004; Maugendre et al., 2015).    101 

 102 

Examining the response of pelagic ecosystems to increased pCO2 is a pressing concern in 103 

biological oceanography due to the phenomenon of Ocean Acidification (OA). The anthropogenic 104 

release of CO2 into the atmosphere through fossil fuel burning has led to OA, whereby atmospheric 105 

CO2 penetrates into the ocean declining surface ocean pH and perturbing the carbonate system 106 

from pre-industrial conditions (Royal Society, 2005; Fabry et al., 2009; Tynan et al., this issue). The 107 

solubility of CO2 increases with decreasing water temperatures and hence polar waters in both 108 

hemispheres are expected to be amongst the first areas to experience dramatic changes in surface 109 

water pH (Royal Society, 2005; Fabry et al., 2009). The sensitivity of polar marine organisms and 110 

ecosystems to declining pH is currently unclear (Fabry et al., 2009), though several studies have 111 

focused on OA effects on pelagic biogeochemistry and food webs (e.g., the KOSMOS mesocosms 112 

in Kongsfjord, Svalbard, see Czerny et al., 2013; bioassays in the Bering Sea and subarctic 113 

Pacific, see Yoshimura et al., 2010, 2013).    114 

 115 

As well as being susceptible to imminent changes in surface water carbon chemistry and pH, the 116 

Arctic Ocean is also experiencing increased temperatures which are causing earlier and more 117 

severe melting of seasonal ice in many regions (Boé et al., 2009; Fabry et al., 2009). The Arctic 118 

basin is subjected to significant riverine runoff which supplies large amounts of DOC to the Arctic 119 

Ocean (>200 mmol C m-3), while inflowing water from the Atlantic and Pacific Oceans have 120 

concentrations ~50 mmol C m-3 (Anderson, 2002). Whilst some of this DOC is refractory and not 121 

directly available for biological uptake, high PP over the continental shelves and in association with 122 

ice edge blooms are also potentially significant sources of labile DOC through the release from 123 

algal cells or via sloppy feeding by zooplankton or viral lysis (Nagata, 2000). Recent 124 

measurements of bacterial respiration have shown that they represent a large fraction of total 125 

community respiration, indicating that bacteria play a key role in Arctic biogeochemistry and the 126 

marine carbon cycle in high latitude waters (Garcia-Martin et al., 2014a, 2014b). In an increasingly 127 

ice-free Arctic Ocean, the supply and biological sinks for DOC are likely to undergo rapid changes 128 

and hence understanding DOC dynamics is important to studies concerned with marine 129 

ecosystems under future climate forcing.  130 
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  131 

The high susceptibility of Arctic Ocean marine ecosystems and biogeochemistry to OA and strong 132 

changes in seasonal ice melt magnitude and timing (Boé et al., 2009; Fabry et al., 2009) made the 133 

Arctic Ocean a natural focus for the UK OA programme (Tynan et al., this issue). In this context, 134 

the present study examines the production of dissolved organic carbon (pDOC) in Arctic 135 

communities sampled during the summer of 2012 (Fig. 1), both in natural in situ settings and within 136 

a number (n = 3) of experimental bioassays (with methodology identical to Richier et al., 2014) 137 

designed to examine the sensitivity of Arctic plankton to variability in pH and pCO2. It should be 138 

noted that due to the 24 h incubations of samples to determine PP and pDOC, these represent net 139 

rather than gross values (i.e. they do include respiratory losses). The overall aim of this study was 140 

two-fold: firstly to examine pDOC by unperturbed plankton communities; and secondly to examine 141 

pDOC in plankton communities exposed to elevated pCO2 (550-1000 atm). In both instances, 142 

pDOC is also examined in the context of environmental conditions and plankton community 143 

structure.  144 

 145 

2.  Methodology 146 

 147 

2.1.  Water sampling 148 

 149 

Water samples were collected during June 2012 from 19 stations in the Atlantic sector of the Arctic 150 

Ocean (Fig. 1a) during cruise 271 of the RRS James Clark Ross (JR271). Stations sampled 151 

included (Table 1): the Iceland-Faroes Front (C019); several stations in the Greenland Sea (C020, 152 

C021, C060, C063); several stations near the Greenland Ice Shelf, either in the ice-edge (C029, 153 

C040) or in the ice (C027, C030, C032, C033); Fram Strait (C042); several stations in the Barents 154 

Sea (C047, C052, C054); several stations in the Norwegian Sea (C045, C056, C058); and one to 155 

the north of Iceland (C065). The Greenland Sea had sea surface temperatures <5 oC, while the 156 

Norwegian Sea stations had sea surface temperatures >5 oC (Table 1, Fig. 1b). Stations in the 157 

Barents Sea were identified as being above the continental shelf (Fig. 1a), although clearly C047 158 

was cold-water influenced due to the low SST in the northern Barents Sea (Fig. 1b, Table 1).    159 

 160 

Water samples were collected from the middle of the mixed layer (10-30 m) in 20 L Niskin bottles 161 

on a CTD rosette sampler. Water samples from Niskin bottles were drawn into sample bottles for 162 

measurements of primary production (PP), total and >10 m chlorophyll-a (Chl), bacterial 163 

production (BP), bacterial biomass (Cbact), macronutrient (nitrate, NOx; phosphate, PO4; silicic acid, 164 

dSi) concentrations, carbonate chemistry parameters (dissolved inorganic carbon, total alkalinity) 165 

and particulate silica (bSiO2). 166 

 167 
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Sea-surface temperatures and salinities were taken from the CTD, with mixed layer depths 168 

estimated from the vertical density profiles. Daily incidental irradiance (Ed[0+]), for 169 

Photosynthetically Active Radiation (PAR), was integrated from dawn to dusk (mol photons m-2 d-1) 170 

from the RRS James Clark Ross 2 π PAR irradiance sensor (Skye Instruments, SKE 510). The 171 

vertical diffuse attenuation coefficient of PAR (Kd) in the water-column was calculated from early 172 

morning CTD stations, with the depth of the euphotic zone (Zeup) calculated as the depth where 1 173 

% surface irradiance penetrates, with an optical depth of 4.6.  174 

 175 

2.2. Experimental bioassays 176 

 177 

For experimental bioassays, water was also collected from the middle of the mixed layer (10-30 m) 178 

in 10 L trace-metal free Niskin bottles on a Titanium CTD rosette sampler. Experimental water was 179 

then dispensed randomly into 72 individual 4.2 L Nalgene bottles with gas-tight septum and 180 

seawater pCO2 concentrations were modified following Richier et al. (2014). Briefly, the initial 181 

carbonate chemistry in the seawater was characterized (see Richier et al., 2014; see also Tarling 182 

et al., this issue) and subsequently manipulated in the incubation bottles using an equi-molar 183 

addition of strong acid (HCl, 1 mol kg-1) and sodium bicarbonate (NaHCO3
-, 1 mol kg-1) (Gattuso et 184 

al., 2010). In addition, three independent bottles were measured immediately after manipulation 185 

and checked for the accuracy of the method.  186 

 187 

For each treatment (ambient, 550 µatm, 750 µatm and 1000 µatm) there were 18 replicate bottles 188 

for measurement of a wide range of chemical, biological and biogeochemical parameters (see 189 

Table 3 in Richier et al., 2014) and the measurements for this study came from 6 replicate 4.2 L 190 

bottles from each pCO2 treatment. The microbial communities in each bottle were incubated in a 191 

purpose built commercial refrigeration container, with each treatment bottle racked in such a way 192 

that no two replicate treatment bottles were incubated alongside one another. Irradiance (100 mol 193 

photons m-2 s-1) was provided by daylight simulation LED panels (Powerpax, UK) over a 24 h light 194 

cycle, which approximated the ambient photoperiod. Temperature was maintained at the in situ 195 

values (± 1oC) at the time of water collection by the refrigeration unit and light levels were checked 196 

with a 4π scalar PAR irradiance sensor (Biophysical Instruments, QSL-2101). Bioassays were sub-197 

sampled through sacrificial incubation bottles at two time points, the first after 48 h and the second 198 

after 96 h. Water samples for PP, total and > 10 m Chl, BP, Cbact, macronutrient concentrations, 199 

and particulate silica (bSiO2) were taken from 3 replicate bottles per pCO2 treatment at both time 200 

points. Dissolved inorganic carbon and total alkalinity samples were taken from all experimental 201 

bottles at both times points. Samples for the determination of BP were only collected from the 202 

ambient and the most extreme pCO2 treatment (target 1000 μatm), and from 3 replicate bottles per 203 

pCO2 treatment at both times points. 204 



 

 
7 

 

  205 

2.2.  Primary production and production of dissolved organic carbon 206 

 207 

For in situ measurements, water samples were collected in four 70 mL polycarbonate bottles and 208 

primary production was measured following Poulton et al. (2014). For the pCO2 bioassay 209 

experiments, individual treatment bottles were sub-sampled into 70 mL polycarbonate bottles from 210 

the 4.2 L treatment bottles for each replicate from each pCO2 treatment (i.e. 3 per pCO2 treatment). 211 

Carbon-14 labelled sodium bicarbonate (925-1739 kBq) was added to each bottle and then three 212 

of the bottles were incubated on deck or in the case of samples from the bioassays, samples were 213 

incubated in a purpose built constant temperature containerised laboratory (Richier et al., 2014). 214 

On deck incubations were carried out in incubators chilled with surface seawater and covered with 215 

light filters (Misty-blue and Grey, LEE UK) to replicate 55% of surface irradiance. When surface 216 

seawater temperatures were expected to drop sharply (e.g. on entering the Greenland Ice Sheet) 217 

in situ samples were incubated in the bioassay experimental container. The fourth sample for in 218 

situ measurements had 1 mL of borate buffered formaldehyde added and was incubated in the 219 

laboratory and used to measure abiotic uptake. In the case of the pCO2 bioassay experiments, an 220 

average value of the in situ abiotic uptake measurement (0.01 mmol C m-3 d-1) was subtracted from 221 

all the PP rates measured. Production of dissolved organic carbon was measured following López-222 

Sandoval et al. (2011) with the use of 0.2 m syringe end filtering units (Whatman GD/X Syringe 223 

filters with 0.2 µm PTFE membrane) and gentle pressure. Five mL sub-samples were pipetted from 224 

each 70 mL incubation bottle into 10 mL syringes and gently filtered through a syringe end filtering 225 

unit. Fresh pipette tips, syringes and syringe-end filters were used for each sub-sample to avoid 226 

potential contamination.  227 

 228 

Percentage Extracellular Release (PER) was calculated as:  229 

 230 

Percentage Extracellular Release (PER) = 100 x (pDOC / (pDOC + PP) )  (1) 231 

 232 

The average relative standard deviation (RSD = Standard deviation/Average x 100) was 16% (1-233 

56%) for total PP, and 35% (2-80%) for pDOC. High RSD for PP was associated with the presence 234 

of the colonial haptophyte Phaeocystis at several stations (C029, C040) (Le Moigne et al., 2015).  235 

 236 

2.3.  Chlorophyll, macronutrients, particulate silica and carbonate chemistry 237 

 238 

Total chlorophyll-a (Chl) was quantified according to Poulton et al. (2014), with water samples 239 

(0.25 L) filtered onto Whatman GF/F filters, extracted in 8 mL 90 % acetone, and stored at 4oC for 240 

18-20 h. Fluorescence was measured on a Turner Designs Trilogy fluorometer, calibrated with 241 
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purified Chl (Sigma, UK) and drift in the fluorometer was monitored using a solid standard. 242 

Chlorophyll in the >10 m fraction was measured on a 10 m polycarbonate filter (0.25 L), with Chl 243 

in the <10 m fraction calculated as the difference between total and the >10 μm fraction.  244 

 245 

Surface macronutrient (nitrate+nitrite, NOx; phosphate, PO4; silicic acid, dSi) concentrations were 246 

determined using an auto-analyser following standard protocols (Grasshoff et al., 1983). 247 

Particulate biogenic silica (bSiO2) measurements were made on 0.5 L seawater samples filtered 248 

onto 0.8 m polycarbonate filters (NucleoporeTM), oven dried (6-8 h, 50oC), and stored dry until 249 

samples were digested in 0.2 mol sodium hydroxide, neutralised with 0.1 mol hydrochloric acid, 250 

and then analysed using a ATI Unicam 8625 UV/VIS Spectrometer (Ragueneau and Treguer, 251 

1994).  252 

 253 

The methodology for dissolved inorganic carbon (CT) and total alkalinity (AT) sampling and analysis 254 

from CTD samples and experimental samples followed those outlined in Poulton et al. (2014) and 255 

Richier et al. (2014) (see also Tynan et al., this issue). Calcite saturation state (ΩC), pHT and pCO2 256 

for both CTD samples and the 96 h bioassay experiments were calculated from CT, AT, nutrients, 257 

temperature, salinity and pressure data using the CO2SYS (CO2 system) program (v. 1.1; Van 258 

Heuven et al., 2011) using the carbonic acid dissociation constants of Lueker et al. (2000), the 259 

boric acid dissociation constant of Dickson et al. (1990a), the bisulphate ion acidity constant of 260 

Dickson et al. (1990b), and boron:chlorinity of Lee et al. (2010). 261 

 262 

2.4.  Bacterial biomass and bacterial production  263 

 264 

Bacterial abundance was assessed with flow cytometry following Zubkov and Burkill (2006), with 265 

bacterial biomass estimated using a cellular carbon value of 1.6 fmol C cell-1 (Lee and Fuhrman, 266 

1987). Seawater samples (1.6 mL) were preserved with paraformaldehyde (PFA, 1% final 267 

concentration) in 2 mL polypropylene screw cap vials, refrigerated and analysed within 12 hours of 268 

collection. Samples were stained with SYBR Green I nucleic acid dye and analysed using a 269 

FACSort flow cytometer (BD, Oxford) with internal bead standards (Zubkov and Burkill, 2006).  270 

 271 

Bacterial production (BP, mmol C m-3 d-1) was estimated as the microbial uptake rate of Leucine 272 

using carbon-14 labelled leucine (Hartmann Analytic, Germany), added at a concentration of 20 273 

nM, in samples from different depths from each morning CTD. Subsamples of 1.6 mL from each 274 

sample were dispensed into 2 mL polypropylene screw cap vials containing carbon-14 leucine 275 

(Zubkov et al., 2000). Samples were fixed at each time point (20, 40, 60, and 80 mins) by the 276 

addition of 80 μL of 20% PFA (1% v/w final concentration). Fixed samples were filtered onto 0.2 277 

μm polycarbonate membrane filters soaked in non-labelled Leucine solution to reduce abiotic 278 
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absorption of radiotracer onto the filters. Filtered samples were washed twice with 4 mL deionised 279 

water. Radioactivity of samples was measured as counts per minute (CPM) by liquid scintillation 280 

counting (Tri-Carb 3100, Perkin Elmer, UK). Microbial uptake of leucine was computed using 281 

specific activity of the Leucine radiotracer. 282 

 283 

3.  Results 284 

 285 

3.1.  General oceanography 286 

 287 

During the June 2012 cruise, upper ocean (10-30 m) temperatures ranged from -1.6oC to 7.8oC 288 

(Table 1), with the lowest temperatures (-1.5oC to -1.6oC) associated with ice shelf conditions in the 289 

western Greenland Sea. Mixed layer salinities were also low (<33.3) at the sites associated with 290 

the Greenland Ice Shelf (C030, C032, C033), whereas other sampling sites had salinities ranging 291 

from 34.6 to 35.2 (Table 1) and were much more indicative of open ocean conditions. The two ice-292 

edge stations (C029, C040) have relatively warm temperatures (3.1-3.5 oC) and salinities more 293 

representative of open ocean sites (~35.0) than those found in the ice (Table 1).  294 

 295 

Euphotic zone depths (Zeup) ranged from shallow (21 m) to deep (70 m) across the sampling 296 

stations, with deep Zeup (> 50 m) mostly associated with ice conditions in the Greenland Sea 297 

(C030, C033) and in the Barents Sea (C047, C052, C054) (Table 1). The shallowest Zeup (< 30 m) 298 

were found at two ice-edge stations in the Greenland Sea and Fram Strait (C029, C040, C042). 299 

Upper ocean pCO2 concentrations were variable, ranging from 208 to 381 μatm across the 300 

sampling sites with no particular pattern related to the open ocean, ice-edge or ice-sheet sampling 301 

sites (Table 1). The highest surface pCO2 (381 μatm) was at a Greenland Ice Shelf station (C032), 302 

whereas the lowest pCO2 values were associated with a nearby ice-edge station (C029, 209 μatm) 303 

and the Fram Strait station (C042, 208 μatm). In a similar way to surface pCO2, pHT also varied 304 

between sites (range 8.0 to 8.3), though it showed no clear pattern between oceanographic 305 

regions (Table 1). 306 

 307 

Upper ocean nitrate (NOx) concentrations were generally >6 mol N kg-1 at most sites (Table 1). 308 

Three stations had NOx concentrations <4 mol N kg-1, two across Fram Strait (C029, C042) and 309 

one to the north of Iceland (C065), while two stations had NOx <0.6 mol N kg-1 (C019, C047). 310 

Phosphate concentrations (not shown) ranged from 0.2 to 0.8 mol P kg-1 and showed a significant 311 

(p<0.001) correlation with NOx (Pearson’s product moment correlation, r = 0.94, n = 21). The 312 

relative concentration of NOx to phosphate, represented here by N* (= NOx - 16*PO4; e.g. Moore 313 

et al., 2009), was low at all sites, as indicated by negative N* values (from -5.8 to -1.2; Table 1). 314 

Hence, dissolved inorganic nutrient concentrations were always enriched in phosphate relative to 315 
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NOx, with extremely low N* values (less than -2) generally associated with ice influenced areas 316 

such as the Greenland Ice Shelf (C029 to C033), Fram Strait (C042) and the northern Barents Sea 317 

(C047) (Table 1).   318 

 319 

Silicic acid (dSi) concentrations were generally >2 mol Si kg-1 at almost all sampling sites (Table 320 

1), apart from the northern Barents Sea (1.2 mol Si kg-1, C047). Highest dSi concentrations (>6 321 

mol Si kg-1) were associated with the Greenland Ice Shelf (C020, C030, C032, C033). Relative to 322 

NOx concentrations, dSi concentrations (Si* = dSi - NOx; e.g. Bibby and Moore, 2011) were often 323 

high at stations associated with ice influence, as indicated by positive Si* values (Table 1). 324 

Conversely, oceanic stations in the Greenland Sea (C020,C021, C027, C060, C063), southern 325 

Barents Sea (C052, C054), and Norwegian Sea (C056, C058), all had negative Si* values 326 

indicating low dSi relative to NOx concentrations. 327 

 328 

Incidental irradiance at the sea surface (Ed[0+]) ranged from 19 to 67 mol photons m-2 d-1 during the 329 

June 2012 cruise (Table 1). High values (> 50 mol photons m-2 d-1) were experienced at an open 330 

ocean station in the Greenland Sea (C020) and at several of the stations associated with the 331 

Greenland Ice Shelf (C029, C030, C032). The lowest values (< 25 mol photons m-2 d-1) were 332 

experienced at stations associated with one of the ice-edge stations (C040), in the northern 333 

Norwegian Sea near Svalbard (C045) and in the southern Barents Sea (C052, C054). Most other 334 

sampling stations had values between 30 to 40 mol photons m-2 d-1 (Table 1).   335 

 336 

3.2. Total and microplankton chlorophyll a, bacterial biomass and bacterial production 337 

 338 

Total Chl ranged from 0.4 to 8.4 mg m-3 (average 2.1 mg m-3) in the mixed layer across the 339 

sampling sites (Table 2), being highest (>6 mg m-3) at the Iceland-Faroes front (C019) and at one 340 

of the ice-edge stations (C029). The in ice stations (C030, C032, C033) all had Chl values <1.5 mg 341 

m-3, along with oceanic stations in the Barents (C047, C052, C054), Greenland (C021, C060, 342 

C063) and Norwegian seas (CC058), as well as north of Iceland (C065). Microplankton (>10 μm) 343 

Chl ranged from 0.02 to 3.1 mg m-3 (data not shown), which when expressed as a percentage of 344 

total Chl ranged from 2 to 50% (average 21%) (Table 2). High microplankton contributions to Chl 345 

(>40% of total) occurred at only two sites, one in the Faroes-Iceland front (C019) and one in the 346 

southern Greenland Sea (C063), while low microplankton contributions (<10%) occurred in the 347 

Fram Strait (C042), northern Norwegian Sea near Svalbard (C045) and in the Barents Sea (C047, 348 

C052, C054). Microplankton Chl ranged from 14-19% at the in ice stations of the Greenland Ice 349 

Sheet (C030, C032, C033) and was ~32-34% at the ice-edge stations (C029, C040) (Table 2).  350 

 351 
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Bacterial biomass (Cbact), estimated from flow cytometry counts of bacterial abundance, ranged 352 

from 0.5 to 6.4 mmol C m-3, with a cruise average of 2.2 mmol C m-3 (Table 2). High Cbact (>3 mmol 353 

C m-3) was found at sites in the Iceland-Faroes front (C019), Norwegian Sea (C056, C058) and 354 

Greenland Sea (C063). Values of Cbact were lowest (<1 mmol C m-3) in association with the in ice 355 

stations in the Greenland Ice Shelf (C030, C032, C033), Fram Strait (C042) and northern Barents 356 

Sea (C047), while the two ice-edge stations (C029, C040) had Cbact ~2 mmol C m-3. There was no 357 

statistically significant correlation (Pearson’s product moment correlation, p = 0.77) between total 358 

Chl and Cbact, whereas there was a significant (p<0.005) correlation between Cbact and 359 

microplankton Chl (r = 0.635, n = 18). 360 

 361 

Bacterial production (BP) ranged from 0.05 to 1.38 mmol C m-3 d-1, with a cruise average of 0.28 362 

mmol C m-3 d-1 (Table 2). A lack of a significant relationship between BP and Cbact (Pearson’s 363 

product moment correlation, p = 0.16) resulted in BP showing a different distributional pattern than 364 

Cbact across the sampling sites. The highest BP (>1 mmol C m-3 d-1) was measured in the Faroes-365 

Iceland front (C019), whereas many of the sampling stations had BP rates ~0.2 to 0.4 mmol C m-3 366 

d-1 (Table 1). Low BP (<0.2 mmol C m-3 d-1) occurred at the three in ice stations (C030, C032, 367 

C033), the northern Norwegian Sea (C045), southern Barents Sea (C052, C054) and north of 368 

Iceland (C065). In contrast to Cbact, BP showed significant (Pearson’s product moment correlation, 369 

p<0.05) correlations with both total Chl (r = 0.51, n = 21) and microplankton Chl (r = 0.59, n = 18).  370 

 371 

3.3.  Primary production and production of dissolved organic carbon  372 

 373 

Upper ocean rates of primary production (PP) ranged from 0.4 to 5.2 mmol C m-3 d-1 across the 374 

sampling sites (Fig. 2., Table 2). High rates of PP (> 3 mmol C m-3 d-1) were found at the Iceland-375 

Faroes front (C019), at the ice-edge of the Greenland Ice Shelf (C029, C040), Fram Strait (C042) 376 

and in the Norwegian Sea (C058). Rates of DOC production (pDOC) ranged from 0.09 to 0.64 377 

mmol C m-3 d-1 (Fig. 2), with an average value of 0.26 mmol C m-3 d-1 for the sampling sites (Table 378 

2). High pDOC (>0.4 mmol C m-3 d-1) occurred at stations in the Iceland-Faroes front (C019), 379 

southern Barents Sea (C054) and southern Greenland Sea (C063) (Fig. 2). Low pDOC (<0.1 mmol 380 

C m-3 d-1) were only measured at two stations, one in the ice (C033) and one across Fram Strait 381 

(C042), whereas the majority of sampling sites had values between 0.1 and 0.3 mmol C m-3 d-1 382 

(Table 2). There were no statistically significant relationships between PP or total Chl and pDOC 383 

(Pearson’s product moment correlation, p = 0.41 and p = 0.73, n = 19, respectively). There was 384 

also no significant relationship between PP and Cbact (Pearson’s product moment correlation, p = 385 

0.36, n = 19), though there was a significant (p<0.05) relationship between PP and BP (r = 0.53, n 386 

= 19).   387 

 388 
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When expressed as a percentage of total PP, Percentage Extracellular Release (PER) ranged 389 

from 2% to 46% (Fig. 2), with a cruise average of 15% (Table 2). The highest values (>30%) of 390 

PER were found at two sites in the Barents Sea (C047, C054) while the lower values (<10%) were 391 

found at the ice-edge stations (C029, C040), Fram Strait (C042) and in the Norwegian Sea (C056, 392 

C058) (Fig. 2). Hence, PER increased in cases where pDOC was higher than average and PP was 393 

roughly average (e.g., C054), and also when pDOC was higher than average and PP was lower 394 

than average (C047) (Table 2). There was also a significant (p<0.05) inverse correlation between 395 

total Chl and PER (Pearson’s product moment correlation, r = -0.48, n = 19). No significant 396 

relationships were found between pDOC or PER and BP (Pearson’s product moment correlation, p 397 

= 0.34 and p = 0.55) or Cbact (p = 0.28 and p = 0.52). 398 

 399 

Potential relationships between pDOC or PER and the hydrographic parameters described in 400 

Table 1 were also examined (Fig. 3). The only significant relationship (p<0.003) for pDOC was an 401 

inverse one with dSi concentration (Pearson’s product moment correlation, r = -0.64, p<0.003, n = 402 

19), indicating that pDOC increased significantly with decreasing dSi (Fig. 3). For PER, a 403 

significant (Pearson’s product moment correlation, p<0.01) inverse relationship was again found 404 

with dSi (r = -0.55, n = 19), as well as a significant (p<0.001) positive relationship with euphotic 405 

zone depth (Zeup) (Fig. 3). Hence, for the mixed layer samples, absolute pDOC increased with 406 

decreasing nutrient (dSi) availability, and when expressed relative to PP, PER increased with 407 

increasing euphotic zone depth and decreasing light availability. No significant relationships were 408 

observed with SST, absolute nitrate (NOx) or nitrate relative to phosphate (N*), pCO2, pHT or 409 

incidental irradiance (Ed[0+]) (Fig. 3). 410 

 411 

3.3.  pCO2 bioassays: macronutrients, primary production and production of dissolved organic 412 

carbon 413 

 414 

Initial conditions for the three bioassay experiments are given in Table 3 whilst Figure 4 presents 415 

the time course of variables in the experiments. The three bioassay experiments were 416 

geographically dissimilar in that one (EB-02) was in the sub-polar Iceland Basin, whilst the other 417 

two were associated with the Greenland Ice Sheet, one at the ice edge (EB-03) and one in open-418 

water within the ice (EB-04) (Fig. 1A). These geographical variations are clear in the initial starting 419 

conditions in terms of hydrographic conditions and initial nutrient concentrations, although the 420 

carbonate chemistry of the three (pCO2, pHT) was similar (Table 3). One-way Analysis of Variance 421 

(ANOVA) tests were used to examine across treatments at each time point (as in Richier et al., 422 

2014). 423 

 424 
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In the first bioassay experiment (EB-02) there was a general trend for both total Chl and 425 

microplankton (>10 µm) Chl to increase, whilst NOx decreased from ~5 µmol N kg-1 to ~1 µmol N 426 

kg-1 (Fig. 4). Although NOx decreased by ~4 µmol N kg-1 from the initial value, dSi concentrations 427 

and bSiO2 remained at similar levels throughout (~1.5 µmol Si kg-1 and ~0.5-0.6 µmol Si kg-1, 428 

respectively). In terms of treatment effects, only total Chl showed any significant variability (Fig. 4, 429 

p<0.05), being around twice as high in the 1000 µatm treatment relative to the others at the mid-430 

time point of the experiment. However, this difference had disappeared by the end time-point. 431 

Initial measurements for pDOC (and PER) were not made in EB-02 (Fig. 5) so changes from the 432 

initiation of the experiment cannot be examined. In EB-02 bacterial production (BP) decreased 433 

over the course of the experiment, though showing no difference between treatments (Fig. 5), 434 

whereas Cbact increased slightly at the mid-time point and then appeared to return to values similar 435 

to initial conditions. 436 

 437 

In EB-03, both total Chl and >10 µm Chl showed strong increases during the time course of the 438 

experiment with total Chl increasing by ~2 mg m-3 and >10 µm Chl from <0.5 to almost 3 mg m-3 at 439 

the end of the experiment (Fig. 4). The sharp increase in >10 µm Chl that occurred between the 440 

mid-point and end point in EB-03 resulted in >10 µm Chl representing ~80-90% of the total Chl by 441 

the end of the experiment. At the end of EB-03, total Chl in the 750 µatm was significantly higher 442 

(Fig. 4, p<0.05) than in the other treatments and the 1000 µatm had noticeably lower >10 µm Chl 443 

than the other treatments. Initial concentrations of NOx were high in EB-03 compared with the 444 

other bioassays (Table 3) and NOx decreased by ~3 µmol N kg-1. Particulate biogenic silica 445 

(bSiO2) increased during this bioassay from ~0.5 µmol Si kg-1 to 2 µmol Si kg-1 which compares 446 

reasonably well with the 2 µmol Si kg-1 drawdown observed, and also with the strong increase in 447 

>10 µm Chl (Fig. 4). No treatment effects were seen in terms of nutrients or bSiO2 in EB-03 (Fig. 448 

4).  In the case of pDOC in EB-03 there was a notable lack of change in almost all treatments apart 449 

from the ambient treatment where it increased (Fig. 5, p<0.05). This pattern was also seen in PER 450 

(Fig. 5, p<0.05), highlighting how PP did not change dramatically across the treatments and 451 

showed only a slight increase with time (Fig. 5). BP peaked at the mid-point, being similar at the 452 

initial and end point of the experiment, with the difference at the mid-point not being significantly 453 

different (Pairwise t-test, p = 0.167) (Fig. 5). Bacterial carbon (Cbact) decreased dramatically 454 

through EB-03 from initial concentrations ~2 mmol C m-3, which were similar to levels seen in EB-455 

02, to <0.5 mmol C m-3 at the end. Such a dramatic decrease in Cbact was not observed in any of 456 

the other experiments and represents a loss rate of Cbact of ~0.25 mmol C m-3 d-1. 457 

 458 

In EB-04, total Chl and >10 µm Chl again showed an increase over time, with an increase in total 459 

Chl of ~2 mg m-3 and ~4 mg m-3 across the experiment (Fig. 4). The high rise in >10 µm Chl in EB-460 

04 resulted in this size fraction representing 80-90% of the total Chl by the end of the experiment. 461 
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These increases in Chl were coupled with sharp declines in NOx (from 4 to <1 µmol N kg-1) and 462 

dSi (from 12 to 4 µmol N kg-1) and sharp increases in bSiO2 (from 1.5 to 6-9 µmol Si kg-1) (Fig. 4). 463 

No significant treatment effects were evident in the nutrient drawdown, with NOx and dSi 464 

concentrations depleted to similar extents at the end of the experiment across treatments (Fig. 4). 465 

There was also a similar increase in bSiO2 across treatments, with the increase in bSiO2 (~7.5 466 

mol Si kg-1) matching the drawdown of dSi (~8 mol Si kg-1) (Fig. 4). Both pDOC and PER 467 

increased dramatically at the end time point of the experiment relative to the mid-point, although 468 

there were no significant treatment effects. As in EB-03, BP in EB-04 peaked at the mid-time point 469 

and returned to rates similar to initial ones by the end of the experiment, and there was noticeably 470 

higher BP in the 1000 µatm relative to the ambient treatment (Fig. 4). In the case of Cbact in EB-04 471 

there was an increase from initial concentrations of ~0.7 mmol C m-3 to ~1.5 to >2 mmol C m-3. 472 

 473 

Overall, all three bioassay experiments (EB-02, EB-03, EB-04) showed increases in both total Chl 474 

and >10 µm Chl, drawdown of NOx and dSi and increases in bSiO2, although the rate of dSi 475 

drawdown and magnitude of bSiO2 increase was lowest where initial dSi concentrations were also 476 

lowest (EB-02) (Fig. 4, Table 3). Absolute pDOC (and PER) showed greater variability between 477 

bioassays, showing no change in one, an increase in the ambient in another and a sharp increase 478 

in the third (Fig. 5). Bacterial Production (BP) also varied over time and with pCO2 treatment 479 

across the three bioassay experiments, with a decrease in BP in the first bioassay and mid-point 480 

peaks in the second and third (Fig. 5). In terms of Cbact, the three experiments had completely 481 

different patterns: one stayed roughly similar (EB-02), one decreased sharply (EB-03) and one 482 

increased (EB-04) (Fig. 5). Clearly slightly different processes occurred across the autotrophic 483 

community in the bioassays relative to the heterotrophic components of the community; however 484 

no clear treatment effect in terms of pCO2 was evident in any of the three bioassay experiments.  485 

 486 

4.  Discussion 487 

 488 

4.1.  Carbon metabolism of Arctic plankton communities 489 

 490 

Although measurements of pDOC have been made in the Arctic Ocean in the past (e.g., Gosselin 491 

et al., 1997), the use of absorbent glass fibre filters in many of these older studies means that there 492 

is uncertainty about the validity of these measurements (Karl et al., 1998). Across our sampling 493 

region, from the subpolar Iceland Basin to the Greenland Ice Sheet and polar Barents Sea (Fig. 1), 494 

we found a range of net pDOC (0.09 to 0.64 mmol C m-3 d-1; Table 2) similar to those reported in 495 

other marine studies: for example, Marañón et al. (2005) reported net pDOC ranging from 0.04 to 496 

0.54 mmol C m-3 d-1 in the central Celtic Sea in summer, while López-Sandoval et al. (2011) had 497 

rates of net pDOC of <0.01 to 0.13 mmol C m-3 d-1 in the Mediterranean Sea.  498 
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 499 

In terms of PER, our range (2 to 46%) and cruise average (15%) also matches well with multiple 500 

studies over many different regions: 5 to 33% in the Southern Ocean (Morán et al., 2002a, 2002b), 501 

6 to 37% in the Mediterranean Sea (Morán et al., 2002a; Lagaria et al., 2013), 7% in the northeast 502 

Atlantic, and 4 to 42% in three Atlantic upwelling regions (Benguela, Mauritania and northwest 503 

Spain) and the oligotrophic North Atlantic (Teira et al., 2001). Furthermore, our PER values match 504 

with the historical study of Gosselin et al. (1997), who found PER to be <20% in the Central Arctic 505 

Ocean (Chukichi Sea, Makarov and Nansen Basins). 506 

 507 

From our sampling of the Nordic Seas of the Arctic Ocean, the highest rates of pDOC (>0.3 to 0.64 508 

mmol C m-3 d-1) occurred in the open water post-bloom environments (see Le Moigne et al., 2015) 509 

of the Barents and Norwegian Seas and from the Iceland-Faroes Front (Table 2). The ice edge 510 

stations (C029, C040) had low rates of pDOC and relatively high rates of PP leading to the lowest 511 

PER (<5%) measured, with the Fram Strait station showing a similar pattern. The Greenland Ice 512 

sheet stations (C030, C032, C033) had moderate levels of pDOC and PER ranging from 10-18%, 513 

which are not drastically different from many of the other stations sampled. Although the ice edge 514 

and ice stations had average levels of pDOC and PER, it was noticeable that these stations also 515 

had low BP and Cbact (Table 2). Generally, stations in the Greenland Ice Shelf and at the ice edge 516 

did not show markedly different dynamics in terms of DOC production and only marginally lower 517 

levels of heterotrophic activity and biomass. 518 

 519 

Spatial trends in pDOC (and PER) have been suggested to be linked to gradients in phytoplankton 520 

community structure and nutrient availability, so that the release of DOC increases as the 521 

community becomes nutrient impoverished and dominated by small cells (Teira et al., 2001, 2003; 522 

López-Sandoval et al., 2011). However, studies by Marañón et al. (2004, 2005) in vastly 523 

contrasting environments in terms of Chl concentrations, contribution of small cells to total biomass 524 

and production, and nutrient availability found very similar PER: 22% for the eutrophic Celtic Sea 525 

and 19% for the oligotrophic Ria de Vigo. In our case, in situ measurements showed no 526 

relationship between pDOC and microplankton Chl, although it was noticeable that in EB-04, as 527 

diatom biomass increased, pDOC also increased (see Section 4.3 for further discussion). Hence, 528 

there is little evidence from our observations of a strong influence of community composition on 529 

pDOC, although we only examine bulk expressions of community composition here (i.e. size-530 

fractionated Chl and particulate silica concentration; Table 2).  531 

 532 

The correlation between PP and pDOC was not statistically significant (Pearson product moment, 533 

p = 0.180) and pDOC was relatively invariant to variability in PP, although as PP decreased, PER 534 

increased. Other studies have observed significant relationships between PP and pDOC (e.g., 535 
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Morán et al., 2002b; Marañón et al., 2005; López-Sandoval et al., 2011), while several studies 536 

have found, as we found, the opposite (e.g., Teira et al., 2001, 2003). Of these studies, the 537 

presence (or lack) of a relationship between pDOC and PP is not linked to incubation length, as 538 

significant relationships have been found from both short (<6 h) incubations (Morán et al., 2002b) 539 

and long (24 h) incubations (Marañón et al., 2005; López-Sandoval et al., 2011). Teira et al. (2001) 540 

found a strong relationship between pDOC and PP in upwelling nutrient-rich waters and no 541 

relationship in nutrient-poor subtropical waters. A positive relationship between PP and pDOC may 542 

indicate that extracellular release is a major source of DOC rather than trophic interactions (sloppy 543 

feeding, viral lysis), whereas a lack of relationship could indicate that extracellular release is less 544 

important and/or that there is significant consumption of the released DOC. Indeed, some studies 545 

(e.g., Teira et al., 2003) have used these relationships to determine whether the potential sources 546 

of DOC were from cellular exudation or trophic interactions. However, due to the potentially rapid 547 

utilization of DOC by heterotrophic components of the community and the complex trophic 548 

interactions in plankton communities, it would be premature to conclude the source mechanisms 549 

using only information on the relationship between PP and net pDOC.  550 

 551 

Bacterial biomass (Cbact) in plankton communities sampled in the Greenland and Norwegian Seas 552 

ranged from 0.5 to 6.4 mmol C m-3 in this study (Table 2), but did not correlate with total Chl (p = 553 

0.77) as observed by Cole et al. (1982). However, there was a statistically significant correlation 554 

with microplankton (>10 µm) Chl (Pearson’s product moment correlation, r = 0.635, p<0.005, n = 555 

18). Such relationships between large phytoplankton (e.g., diatoms) and heterotrophic biomass 556 

potentially indicate stronger coupling of these elements of the ecosystem than seen in other marine 557 

environments, which are dominated by small cells.  558 

 559 

Phytoplankton biomass (Cphyto), estimated from (total) Chl concentrations and a carbon to Chl ratio 560 

of 50, ranged from 1.6 to 35 mmol C m-3. When expressed relative to Cbact, the ratio of Cbact:Cphyto 561 

ranged from 0.1 to 1.0, with a cruise average of 0.4, indicating that heterotrophic biomass was 562 

almost half of that of autotrophic biomass and that there are likely to be strong linkages between 563 

the two. In some cases, higher ratios of Cbact:Cphyto (>0.7) were found in open ocean environments 564 

of the Greenland and Norwegian Sea, with these sites likely to be post-bloom summer 565 

environments (Le Moigne et al., 2015) with active microbial loops and strong coupling between 566 

autotrophic and heterotrophic components of these ecosystems. This conclusion is also supported 567 

by a significant (Pearson’s product moment correlation, p<0.01) inverse relationship between Si* 568 

and Cbact:Cphyto (r = -0.58, n = 19), indicating that with high NOx:dSi ratios (excess nitrate / depleted 569 

silicate) there is stronger coupling.  570 

 571 
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The ratio of bacterial production (BP) to Primary Production (PP) ranged from 0.1 to 0.9 across the 572 

study area, although the cruise average was only 0.2. This cruise average is similar to the average 573 

BP to PP ratio (0.3) found across a wide range of marine environments (del Giorgio and Cole, 574 

1998). Only one site had a BP:PP ratio > 0.4 (C047, Barents Sea), and this site also had the 575 

lowest PP and nutrient concentrations sampled (Tables 1 and 2), indicating that this site represents 576 

an oligotrophic extreme. Variable BP to PP ratios are more indicative of differing degrees of 577 

coupling between the autotrophic and heterotrophic components of the ecosystems. The strength 578 

of linkage between such components of the ecosystem will critically depend on the characteristics 579 

of the dissolved organic matter (including DOC) released from the autotrophs and available for 580 

utilization by heterotrophic bacteria, as well as the requirements of the heterotrophs. For example, 581 

if the carbon demand for bacterial respiration and growth is met fully or partially by DOC release 582 

from phytoplankton.   583 

 584 

To examine the degree to which bacterial carbon demand (BCD) was met by the release of DOC, 585 

we used the equation of Robinson (2008) to estimate bacterial respiration (BR = 3.69 x BP0.58) and 586 

then BCD (= BP + BR) (see also Morán et al., 2002a, b; Teira et al., 2003; López-Sandoval et al. 587 

2011). The average estimate of the pDOC contribution to BCD was 16% (range 4% to 43%), with 588 

most stations <20%, apart from open ocean stations in the Greenland and Norwegian Seas, which 589 

were higher (Table 2). A lack of correlation between rates of DOC release and bacterial activity 590 

(BP) and a BCD in excess of pDOC suggest the existence of additional organic carbon sources to 591 

support bacterial activity (Morán et al., 2002a,b; Teira et al., 2003). Additional DOC sources could 592 

include trophic process (zooplankton sloppy feeding, excretion and egestion, cell breakage through 593 

viral lysis; Nagata, 2000), as well as possible coastal sources of DOC (Moran et al., 2002a), or in 594 

the case of the communities in proximity to the ice sheets, exudation from ice-associated algae.  595 

 596 

However, key to the estimation of BCD is knowledge of the bacterial growth efficiency (i.e. the 597 

relative amount of carbon invested in new cell production versus that used for respiration), which 598 

varies considerably (<5% to 60%, del Giorgio and Cole, 1998; 7% to 69%, García-Martín et al., 599 

2014a; 15% to 65%, Wear et al., 2015), and our understanding of what factors regulate this 600 

variability is lacking (del Giorgio and Cole, 1998; Robinson, 2008). For example, studies have 601 

contradicted one another in their conclusions about temperature control of bacterial growth 602 

efficiency: Rivkin and Legendre (2001) found an inverse relationship, while García-Martín et al. 603 

(2014a) found no relationship. Factors determining bacterial growth efficiency may include such 604 

things as the metabolic potential and carbon content of the DOC, the taxonomic source and rate of 605 

DOC supply, the physiological condition or taxonomy of the bacterial cells, and the ecological or 606 

physiological pathways of DOC supply (del Giorgio and Cole, 1998; Fouilland et al., 2014; Wear et 607 

al., 2015). This uncertainty in the factors controlling BCD introduces significant uncertainties in 608 



 

 
18 

 

estimates of BCD, and hence uncertainty in our conclusion that bacterial communities in the Arctic 609 

require alternative sources of DOC rather than the in situ plankton to meet their demands.  610 

 611 

4.2.  Ocean Acidification and carbon dynamics in Arctic plankton communities 612 

 613 

Several previous studies have observed increased release of photosynthetically fixed carbon into 614 

the dissolved phase during exposure to elevated CO2 concentrations under experimental 615 

conditions (e.g., Engel, 2002; Czerny et al., 2013; Engel et al., 2013). Such results have been 616 

found in mesocosms in sub-polar and polar experiments (e.g., Czerny et al., 2013; Engel et al., 617 

2013), as well as in smaller scale bioassays (e.g., Engel, 2002). Elevated pCO2 is believed to lead 618 

to ‘over consumption’ of carbon and a consequent increase in production of DOC and/or 619 

transparent exopolymer particles (TEP) (Engel, 2002). A number of studies have also found no 620 

change in pDOC or PER with experimental increases in pCO2 (Yoshimura et al., 2010, 2013; Engel 621 

et al., 2014; MacGilchrist et al., 2014; Maugendre et al., 2015).  622 

 623 

These previous studies examining the effects of increased pCO2 and perturbed carbonate 624 

chemistry conditions have tended to change pCO2 conditions over longer timescales (e.g., >4 d, 625 

Czerny et al., 2013) than used in this study (<2 h). The pCO2 manipulation in this study was 626 

enforced on the ambient plankton communities within <2 h, which represents a much faster shift in 627 

carbonate chemistry than will be experienced with ocean acidification over the next century (see 628 

discussion in Richier et al., 2014). Hence, the small-scale bioassays used here tested community 629 

sensitivity to sharp changes in carbonate chemistry rather than acclimation or adaptation to OA 630 

conditions over weeks (mesocosms), decades or centuries (OA) (Poulton et al., 2014; Richier et 631 

al., 2014). Furthermore, previous studies on the effect of pCO2 changes on DOC release have 632 

often enriched their incubations with inorganic nutrients (e.g., Czerny et al., 2013; Engel et al., 633 

2013, 2014) or have retained the original nutrient conditions (e.g., Engel, 2002; Yoshimura et al., 634 

2010, 2013; MacGilchrist et al., 2014; Maugendre et al., 2015). Studies which have observed 635 

increased pDOC under elevated CO2 generally measure net pDOC (via changes in absolute DOC 636 

levels, e.g. Czerny et al., 2013, or over 24 h incubations, Engel et al., 2013), and hence these are 637 

not likely to be valid reasons for the differences between our observations and previous studies. 638 

 639 

Given the abrupt changes in carbonate chemistry experienced by ambient plankton communities in 640 

our bioassay experiments, we still observed no overall effect of the different pCO2 treatments on 641 

DOC release (Figs. 4 and 5).  During the time course of the three bioassay experiments in this 642 

study, strong increases in net pDOC and PER were only evident in one of the bioassays (EB-04) 643 

(Fig. 5) despite the strong increases in Chl (total and >10 µm) and the drawdown of nutrients that 644 

occurred in all three bioassays (Fig. 4). Treatment effects, as shown by statistically significant 645 
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differences between pCO2 levels, did occur but showed no clear trend across the three bioassays: 646 

for example, total Chl was significantly (one-way ANOVA, p<0.05) higher in the 1000 µatm at the 647 

mid-point (48 h) in the first bioassay, but not at the end, while significant (p<0.05) differences in 648 

total Chl were limited to the 750 µatm at the end time point (96 h) in the second bioassay (Fig. 4).  649 

 650 

When relative changes in pDOC and PER are plotted against changes in pCO2 (∆CO2; between 651 

treatment and initial levels) no clear trend of increasing treatment effect with ∆CO2 is found at 652 

either time point in any of the bioassays (Fig. 6). However, when relative changes in pDOC and 653 

PER are plotted against changes in nutrients (NOx, dSi) between time points and initial 654 

concentrations, the third bioassay is clearly different to the other two bioassays with higher relative 655 

changes in pDOC and PER at nutrient concentrations which are low relative to the initial (Fig. 7). 656 

Although the uptake of NOx was similar across the three bioassays (~4 µmol N kg-1), the third 657 

bioassay stood out as the one in which NOx levels fell well below 1 µmol N kg-1 (Fig. 4). In the case 658 

of dSi, the three bioassay experiments were very different (Fig. 4), although EB-04 again stood out 659 

as the one in which the largest decline occurred (~8 µmol Si kg-1). Clearly, nutrient availability 660 

exerted an influence on the partitioning of production between the particulate and dissolved 661 

fractions in our bioassays in the Iceland Basin and Greenland Ice sheet, rather than pCO2 662 

treatment.       663 

  664 

Nutrient availability was also a strong control on pDOC and PER in the CTD samples, with 665 

statistically significant relationships with declining dSi concentrations (Fig. 3; Pearson’s product 666 

moment correlation, r = 0.55, p<0.01, n = 19). Increasing Zeup was also associated with increasing 667 

PER, though this is partly due to a strong correlation between Zeup and PP (r = -0.81, p<0.001, n = 668 

16). Marañón et al. (2005) found increased PER with increasing depth in the Celtic Sea, which was 669 

due to pDOC being invariant with depth while PP showed a sharp decrease with depth (i.e. 670 

irradiance). This intricate relationship between PP and irradiance is likely to explain partially the 671 

relationship between PER and Zeup found in this study. Elevated pDOC in the third bioassay (EB-672 

04) could also be related to reduced light availability as the strong increase in biomass occurring in 673 

this bioassay could have resulted in self-shading of the phytoplankton community.           674 

 675 

Within the bioassay experiments, BCD showed the same trends as BP across the time points, 676 

while the proportion of BCD that pDOC potentially supplied varied greatly with no obvious pCO2 677 

treatment effect or with nutrient availability (Table 4). In contrast to the in situ measurements, 678 

several of the time points in the bioassays had pDOC rates that was in excess of BCD (i.e. 679 

>100%). This occurred at both pCO2 levels (ambient and 1000 atm), but was more often 680 

associated with the end time point of the bioassay, while the highest ratios of pDOC:BCD (>500%) 681 

occurred in the last bioassay (EB-04) when nutrient levels (NOx, dSi) were depleted to ~0.1 mol 682 
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N kg-1 or below (Table 4, Fig. 4). Such high ratios of pDOC to BCD imply that the phytoplankton 683 

community was producing more DOC than the bacterial community could utilize, partly due to the 684 

strong decreases seen in BP in all three bioassays at the end time point (Fig. 5). Bacterial biomass 685 

only decreased in the second bioassay (EB-03), whereas it remained stable (and high) in EB-02 686 

and increased to similar levels (~2 mmol C m-3) as EB-02 in EB-04 (Fig. 5). Decreasing BP with 687 

little or no change in Cbact potentially indicates that the released DOC was being respired and our 688 

estimates of bacterial growth efficiency were inaccurate in these cases. It is also possible that the 689 

released DOC under conditions of nutrient starvation or rapid algal growth was markedly different 690 

in its characteristics (e.g., carbon to mineral stoichiometry; Wear et al., 2015), and caused higher 691 

respiration of DOC than that used for new cell growth.     692 

 693 

Of the other parameters measured in the three bioassay experiments (e.g. Chl, bSiO2, Cbact; Figs. 4 694 

and 5), none showed a clear and repeatable treatment effect. However, similar temporal trends 695 

were observed in the three bioassays; for example, there was dSi drawdown in all three bioassays, 696 

and comparable increases in bSiO2 also occurred, though the magnitude in each was different 697 

(Fig. 4). In a very similar manner to dSi drawdown and bSiO2 production, microplankton Chl also 698 

increased across the three bioassays indicating an increasing dominance of large phytoplankton 699 

(e.g., diatoms) towards the end of the bioassays.   700 

 701 

4.3. Is there a role for diatoms as important DOC producers in the Arctic Ocean? 702 

  703 

Linkages between decreasing dSi availability and increased DOC production from both the in situ 704 

measurements (Fig. 3) and pCO2 manipulated bioassays (Figs. 4-7) may indicate that diatoms had 705 

a strong role in DOC production in our study. In contrast to the other bioassay experiments, DOC 706 

production was high in the EB-04 bioassay at low relative nutrient concentrations compared to 707 

initial concentrations (Fig. 7) rather than at increased pCO2 levels (Fig. 6). The mass balance 708 

between dSi drawdown and production of bSiO2 observed in the EB-03 and EB-04 bioassays 709 

(across all treatments), as well as the increasing dominance of the >10 m fraction in terms of Chl 710 

(Fig. 4) and primary production (not shown), imply that diatoms became an increasingly dominant 711 

component of the autotrophic community in the last two bioassays.  712 

 713 

Simple estimates of diatom carbon, through conversion of bSiO2 using a carbon to silicate ratio of 714 

0.13 (Brzezinski, 1985), gives values of diatom carbon ranging from 0.1 to 28.6 mmol C m-3 715 

(average 2.8 mmol C m-3). Expressed against Cphyto, diatom carbon (Cdia) represented 1% to 79% 716 

(average 35%) across the Nordic Seas. (Note that this ignores two values >100% from the 717 

Norwegian Sea (C058) and north of Iceland (C065), which are indicative that either the assumed 718 

carbon to Chl and/or carbon to silica ratio are incorrect for these stations.) In the case of the 719 
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bioassays, estimates of Cdia give values ranging from 0.7 to 6.6 mmol C m-3 and 4.3 to 31.2 mmol 720 

C m-3 in EB-03 and EB-04 respectively, which equate to 9% to 69% and 38% to >100%, 721 

respectively, of estimated Cphyto. Hence, diatoms represented a major component of the 722 

phytoplankton biomass, and potentially carbon fixation, across the Nordic Seas, implying an 723 

importance in DOC production as well as being recognised as having a major role in export of 724 

material during summer 2012 (see Le Moigne et al., 2015).         725 

 726 

Diatom blooms are potentially large sources of DOC, with rapid DOC release following bloom peak 727 

as nutrients (NOx, dSi) are depleted and light availability changes, with selective use of this newly 728 

produced DOC by ambient bacteria communities (Norrman et al., 1995; Fouilland et al., 2014). In 729 

contrast, Wetz and Wheeler (2007) found high DOC release rates during exponential growth rather 730 

than when nutrients were depleted in batch cultures of various coastal diatom species. Also, a 731 

study by Fouilland et al. (2014) found significant DOC production from diatom communities and a 732 

closer coupling between bacteria and phytoplankton DOC exudation when there was high nutrient 733 

availability and low grazing, and small diatoms and autotrophic flagellates dominated the 734 

community. Observations in the Santa Barbara Channel (California) by Wear et al. (2015) during 735 

seasonal dSi depletion found that DOC concentrations (refractory and labile) both increased, and 736 

also that the bacterial growth efficiency increased during the latter stages of the bloom as the 737 

characteristics of the dissolved organic matter being released by the plankton community changed. 738 

Hence, diatoms and diatom-produced DOC can have a strong influence on DOC dynamics, 739 

including the degree of coupling between autotrophic and heterotrophic components of the carbon 740 

cycle. Our study therefore indicates a potentially important role of (dSi-starved or light-limited) 741 

diatoms in DOC production in the Nordic Seas of the Arctic Ocean.     742 

 743 

5.  Conclusions 744 

 745 

There is a general consensus (e.g., Morán et al., 2002a; Teira et al., 2001, 2003) that the relative 746 

importance of pDOC increases under strong nutrient limitation, and both our in situ and bioassay 747 

experiments provide support to this paradigm. The weak coupling between pDOC and BCD found 748 

in this study, and others (e.g. Morán et al., 2002a, b; López-Sandoval et al., 2011), potentially 749 

indicates weak coupling between phytoplankton exudation and bacterial metabolism. This weak 750 

coupling implies that in the Nordic Seas other DOC sources (e.g., coastal sources) are required to 751 

support bacterial respiratory requirements, which has also been concluded from coastal sites in the 752 

Antarctic (Morán et al., 2002a). However, we also note the variability in bacterial growth efficiency, 753 

which influences whether DOC supplied to bacteria is respired or used to make new cells, and the 754 

current uncertainty in the dominant factors which cause this variability.      755 

 756 



 

 
22 

 

In a rapidly changing Arctic climate, with increased sea surface temperatures, decreasing ice 757 

coverage and potentially enhanced primary production (Arrigo et al., 2008; Boé et al., 2009; Fabry 758 

et al., 2009), our observations have several implications for future work. Firstly, sharp changes in 759 

pCO2 and carbonate chemistry may have little effect on either total carbon fixation or the relative 760 

amount of particulate or dissolved phases, although longer term experiments are needed to test 761 

the effect of ocean acidification on such communities. Secondly, nutrient (NOx, dSi) and light 762 

limitation, through stronger seasonal growth cycles and/or enhanced stratification, could have a 763 

strong impact on DOC production, and potential OA effects on plankton communities should be 764 

examined in this context in terms of multi-stressors. Lastly, there is a potentially important role of 765 

diatoms in PP and DOC production in the Arctic that needs further examination.  766 
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TABLE LEGENDS 934 

 935 

Table 1. Oceanographic characteristics of the sampling stations, including CTD number, date 936 

sampled, latitude and longitude, sampling location, sampling depth, surface temperature, salinity, 937 

euphotic zone depth (Zeup), pCO2, pH, nitrate (NOx) and silicic acid (dSi) concentration, nitrate to 938 

phosphate ratio (N*), silicate to nitrate ratio (Si*) and incidental irradiance (Ed[0+]).  939 

 940 

Table 2. Surface biogeochemistry of sampling stations, including CTD number, sampling location, 941 

total and microplankton (>10 m) chlorophyll (Chl), primary production (PP), DOC production 942 

(pDOC), percentage extracellular release (PER), bacterial production (BP), bacterial carbon 943 

demand (BCD), ratio of pDOC to BCD, bacterial biomass (Cbact) and particulate silica (bSiO2). a 944 

indicates in situ sample incubated in temperature controlled refrigerated container rather than on-945 

deck (see methods). Standard deviations are given in brackets for pDOC and PP.  946 

 947 

Table 3. Average initial conditions for the three bioassay experiments. Standard errors are given in 948 

brackets. 949 

 950 

Table 4. Average values of estimated bacterial carbon demand (BCD) in pCO2 manipulation 951 

experiments for ambient and 1000 atm treatments. Standard errors are given in brackets. NA 952 

indicates not available. 953 

 954 
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Table 1. 955 

 956 

CTD Date Lat. Long. Location Depth Temp. Salinity Zeup pCO2 pH NOx dSi N* Si* Ed[0+] 

  [
o
N] [

o
W]  [m] [

o
C]  [m] [atm]  [mol kg

-1
]   

[mol photons 
m

-2
 d

-1
] 

                
C019 10 Jun 65.59

o
N 10.43

o
W Iceland - Faroes Front (N) 24 3.6 34.8 32 240 8.2 0.6 2.5 -3.0 1.9 34 

C020 11 Jun 69.54
o
N 07.35

o
W Greenland Sea (S) 15 3.1 35.0 38 363 8.1 9.1 6.1 -1.2 -3.0 53 

C021 12 Jun 74.07
o
N 04.42

o
W Greenland Sea (C) 15 1.0 34.9 60 308 8.1 9.8 5.7 -1.4 -4.0 40 

C027 13 Jun 76.11
o
N 02.33

o
W Greenland Sea (N) 20 1.5 34.9 ND 319 8.1 9.3 4.7 -1.4 -4.6 42 

C029 14 Jun 78.43
o
N -00.00

o
E Ice edge 10 3.5 35.0 21 209 8.3 2.6 5.5 -2.4 2.9 51 

C030 15 Jun 78.15
o
N 05.33

o
W Ice  20 -1.6 33.3 53 277 8.2 7.6 6.4 -5.8 -1.2 67 

C032 16 Jun 78.13
o
N 05.60

o
W Ice 10 -1.5 32.5 ND 381 8.0 6.6 8.0 -3.7 1.5 51 

C033 17 Jun 77.49
o
N 04.58

o
W Ice 14 -1.6 33.0 66 350 8.1 6.4 7.0 -2.4 0.6 38 

C040 19 Jun 77.51
o
N 01.18

o
W Ice edge 15 3.1 34.9 28 309 8.1 8.7 5.6 -1.2 -3.1 20 

C042 20 Jun 78.59
o
N -07.59

o
E Fram Strait 15 6.0 35.1 22 208 8.3 4.0 4.3 -2.1 0.4 28 

C045 22 Jun 76.16
o
N -12.32

o
E Norwegian Sea (N) 20 5.7 35.2 39 309 8.1 9.8 5.8 -1.8 -4.0 19 

C047 23 Jun 76.09
o
N -26.04

o
E Barents Sea (N) 25 1.5 34.6 70 238 8.2 0.2 1.2 -2.7 1.0 27 

C052 24 Jun 72.53
o
N -26.00

o
E Barents Sea (S) 15 6.5 35.0 67 324 8.1 7.8 4.4 -1.2 -3.4 20 

C054 25 Jun 71.45
o
N -17.54

o
E Barents Sea (S) 13 7.8 35.0 62 320 8.1 6.0 3.8 -1.8 -2.2 24 

C056 26 Jun 71.45
o
N -08.27

o
E Norwegian Sea (C) 15 6.7 35.2 32 305 8.1 6.8 5.2 -1.2 -1.6 33 

C058 27 Jun 71.45
o
N 01.16

o
W Norwegian Sea (C) 20 5.4 35.1 ND 316 8.1 10.6 5.7 -1.7 -4.9 35 

C060 28 Jun 71.45
o
N 10.36

o
W Greenland Sea (S) 26 1.4 34.7 55 328 8.1 8.6 2.2 -1.6 -6.5 49 

C063 29 Jun 68.42
o
N 10.35

o
W Greenland Sea (S) 20 3.8 34.8 43 318 8.1 8.9 2.6 -1.5 -6.3 40 

C065 30 Jun 67.50
o
N 16.25

o
W Iceland (N) 20 5.1 34.9 48 246 8.2 4.0 4.1 -2.8 0.0 33 

                

                

  957 
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Table 2.  958 

 959 

CTD Location 
Total 
Chl 

>10 m 
Chl 

PP pDOC PER BP BCD pDOC/BCD Cbact bSiO2 

  [mg m
-3

] [%] [mmol C m
-3

 d
-1

] [%] [mmol C m
-3

 d
-1

] [%] [mmol C m
-3

] [mmol Si m
-3

] 

            
C019 Iceland - Faroes Front (N) 6.2 50 3.7 (0.1) 0.44 (0.20) 11 1.38 5.8 8 3.8 1.1 
C020 Greenland Sea (S) 2.1 31 1.1 (0.2) 0.21 (-) 16 0.16 1.4 15 1.7 0.2
C021 Greenland Sea (C) 0.7 20 0.9 (0.1) 0.18 (0.08) 17 0.23 1.8 10 2.4 0.3 
C027 Greenland Sea (N) 1.3  2.2 (0.1) 0.16 (0.01) 7 0.19 1.6 10 1.6 0.4 
C029 Ice edge 8.4 32 3.8 (0.3)a 0.17 (0.04)a 4

a
0.36 2.4 7 1.8 0.7

C030 Ice  1.0 14 1.1 (0.1) 0.24 (0.09) 18 0.11 1.1 22 0.6 0.2 
C032 Ice 0.5 19 0.8 (0.1) 0.15 (0.07) 16 0.07 0.8 18 0.5 0.2 
C033 Ice 0.5 15 0.9 (0.2) 0.10 (0.00) 10 0.05 0.7 14 0.5 0.7
C040 Ice edge 3.1 34 5.2 (0.5) 0.21 (0.02) 4 0.48 2.9 7 1.9  
C042 Fram Strait 4.3 5 3.9 (0.8) 0.09 (0.01) 2 0.30 2.1 4 0.9 0.4 
C045 Norwegian Sea (N) 2.0 8 1.8 (0.4) 0.24 (0.14) 12 0.13 1.3 19 2.0 0.2
C047 Barents Sea (Ice) 0.4 5 0.4 (0.0) 0.34 (0.09) 46 0.35 2.4 14 0.5 0.1 
C052 Barents Sea (S) 1.3 2 1.5 (0.3) 0.33 (0.20) 18 0.12 1.2 28 1.8 <0.1 
C054 Barents Sea (S) 1.0 6 1.5 (0.2) 0.64 (0.52) 30 0.17 1.5 43 2.2 0.3
C056 Norwegian Sea (C) 2.0 37 2.3 (1.2) 0.17 (0.10) 7 0.20 1.6 10 6.4 0.2 
C058 Norwegian Sea (C) 1.0  3.9 (0.2) 0.15 (0.04) 4 0.36 2.4 6 3.0 0.6 
C060 Greenland Sea (S) 1.5 23 1.1 (1.2) 0.33 (0.16) 23 0.27 2.0 16 2.8 0.4 
C063 Greenland Sea (S) 1.3 43 1.6 (0.3) 0.48 (0.11) 23 0.27 2.0 24 5.2 0.2 
C065 Iceland (N) 0.8 18 1.4 (0.2) 0.39 (0.02) 22 0.11 1.1 34 1.2 3.7 

            
 MEAN 2.1 21 2.1 0.26 15 0.28 1.9 16 2.2 0.6 
 MIN 0.4 2 0.4 0.09 2 0.05 0.7 4 0.5 <0.1 
 MAX 8.4 50 5.2 0.64 46 1.38 5.8 23 6.4 3.7 
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Table 3.  961 

 962 

Parameter EB02 EB03 EB04 

    
Location Iceland 

Basin 
Ice 

Edge 
Greenland Ice 

Sheet 
Latitude 60o 35.62’N 76o 10.51’N 78o 21.15’N 
Longitude 018o 51.39’W 002o 32.96’W 003o 39.85’W 
pCO2 (μatm) 310 [7] 289 [10] 305 [0.3] 
pHT 8.14 [0.01] 8.16 [0.02] 8.13 [0.01] 
SST (oC) 10.62 [0.06] 1.68 [0.01] -1.57 [0.04] 
Salinity 35.2 [0.0] 34.9 [0.0] 32.6 [0.0] 
Nitrate (μmol N kg-1) 5.02 [0.09] 9.52 [0.50] 4.19 [0.17] 
Silicic acid (μmol Si kg-1) 1.56 [0.18] 3.77 [0.32] 10.30 [0.03] 
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Table 4.  965 

 966 

Bioassay Treatment Time point BCD 
[mmol C m

-3
 d

-1
] 

pDOC/BCD 
[%] 

NOx 

[mol N kg
-1

] 

      
EB02 Initial T0 0.96 [0.06] NA 5.0 [0.1] 

 Ambient T48 0.81 [0.08] 41 [13] 3.5 [0.3] 
 Ambient T96 0.43 [0.05] 81 [10] 1.6 [0.5] 
 1000 atm T48 0.82 [0.06] 86 [23] 3.6 [0.1] 

 1000 atm T96 0.41 [0.01] 159 [54] 1.7 [0.2] 

   
EB03 Initial T0 0.45 [0.03] 34 [6] 9.3 [0.1] 

 Ambient T48 1.19 [0.25] 21 [13] 8.6 [0.1] 
 Ambient T96 0.21 [0.02] 456 [123] 6.7 [0.1] 
 1000 atm T48 1.97 [0.39] 7 [1] 8.5 [0.1] 

 1000 atm T96 0.33 [0.03] 33 [11] 6.9 [0.2] 

      
EB04 Initial T0 0.36 [0.02] 59 [29] 4.2 [0.2] 

 Ambient T48 1.26 [0.00] 29 [<1] 1.3 [0.3] 
 Ambient T96 0.60 [0.01] 545 [59] 0.1 [<0.1] 
 1000 atm T48 1.62 [0.29] 13 [2] 1.3 [0.5] 

 1000 atm T96 0.74 [0.12] 510 [236] <0.1 [<0.1] 
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FIGURE LEGENDS 968 

Fig. 1. Cruise track and sampling locations for field samples (circles) and bioassay experiments 969 

(stars) superimposed on composite (June 2012) satellite images of (A) sea ice extent (in blue) and 970 

topography, and (B) MODIS sea surface temperature. Sea ice concentration data from the 971 

Nimbus-7 SMMR and DMSP SSM/I-SSMIS passive microwave sensors were obtained from the 972 

National Snow and Ice Data Centre (www.nsidc.org). MODIS sea surface temperature data were 973 

obtained from the NASA Ocean Color distributed archive (http: //oceancolor.gsfc.gov/). Numbers in 974 

A indicate CTD positions (see Table 1). 975 

 976 

Fig. 2. Surface rates. (A) Primary production (PP), (B) DOC production (pDOC), and (C) 977 

Percentage Extracellular Release (PER). Error bars are standard deviations (n = 3) from in situ 978 

measurements. 979 

 980 

Fig. 3. Scatter plots of DOC production (pDOC, A-H) and percentage extracellular release (PER, I-981 

P) against environmental factors: (A, I) Sea-surface temperature (SST, oC); (B, J) Nitrate+nitrite 982 

concentration (NOx, mol N kg-1); (C, K) Ratio of nitrate(+nitrite) to phosphate as represented by   983 

N*; (D, L) Silicic acid concentration (dSi, mol Si kg-1); (E, M) In situ partial pressure of CO2 (pCO2, 984 

atm); (F, N) pHT; (G, O) Depth of the euphotic zone (Zeup, m); (H, P) Incidental irradiance (Ed[0+], 985 

mol photons m-2 d-1). Pearson-product moment correlation coefficients (r) are given for significant 986 

(p < 0.05) correlations.   987 

 988 

Fig. 4. Time series measurements of total chlorophyll (TChl, mg m-3), >10 m chlorophyll (>10 m 989 

Chl, mg m-3), NOx (mol N kg-1), silicic acid (dSi, mol Si kg-1) and particulate silica (bSiO2, mol Si 990 

kg-1) for the three pCO2 bioassays (EB-02, EB-03, EB-04). Plotted values are means ± standard 991 

errors (se) from triplicate sample bottles per treatment. Observation of any statistically significant 992 

differences between treatments (1-way ANOVA, p < 0.05) for each variable and time point are 993 

indicated by *.  994 

 995 

Fig. 5. Time series measurements of dissolved organic carbon (DOC) production (pDOC, mmol C 996 

m-3 d-1), primary production (PP, mmol C m-3 d-1), percentage extracellular release (PER, %), 997 

bacterial production (BP, mmol C m-3 d-1) and heterotrophic bacteria biomass (Cbact, mmol C m-3) 998 

for the three pCO2 experiments (EB-02, EB-03, EB-04). Plotted values are means ± se from 999 

triplicate sample bottles per treatment. Observation of any statistically significant differences 1000 

between treatments (1-way ANOVA, p < 0.05) for each variable and time point are indicated by *.  1001 

 1002 
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Fig. 6. Relative changes in (a,c) dissolved organic carbon (DOC) production (pDOC) and (b,d) 1003 

percentage extracellular release (PER) for two time points in pCO2 experiments (T48: a,b; T96: c,d). 1004 

Errors bars are standard deviations across triplicate treatment bottles. 1005 

 1006 

Fig. 7. Relative changes in dissolved organic carbon production (pDOC) and percentage 1007 

extracellular release against (a, c) NOx (nitrate+nitrite) drawdown and (b, d) silicic acid (dSi) 1008 

drawdown in the three bioassay experiments. Errors bars are standard deviations across triplicate 1009 

treatment bottles. 1010 

 1011 
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