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Abstract 14 

Increasing influence of Atlantic water in the Arctic Ocean has the potential to 15 

significantly impact regional water temperature and salinity. Here we use a rDNA 16 

barcoding approach to reveal how microbial communities are partitioned into distinct 17 

assemblages across a gradient of Atlantic-Polar Water influence in the Norwegian 18 

Sea. Data suggest that temperate adapted bacteria may replace cold water taxa under 19 

a future scenario of increasing Atlantic influence, but the eukaryote response is more 20 

complex.  Some abundant eukaryotic cold water taxa could persist, while less 21 

abundant eukaryotic taxa may be replaced by warmer adapted temperate species.  22 

Furthermore, within lineages, different taxa display evidence of increased relative 23 

abundance in reaction to favourable conditions and we observed that rare microbial 24 

taxa are sample site rather than region specific. Our findings have significant 25 

implications for the vulnerability of polar associated community assemblages, which 26 

may change, impacting the ecosystem services they provide, under predicted 27 

increases of Atlantic mixing and warming within the Arctic region. 28 

29 
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Introduction  30 

Marine microbial communities underpin vital global biogeochemical cycles1. It is 31 

therefore critical that we understand how these communities will respond to 32 

environmental change so that we can accurately predict the susceptibility of vital 33 

ecosystem services to such change. This is particularly true for regions experiencing 34 

rapid change in the marine environment, such as the Arctic, where the impacts of 35 

climate change are amplified above the global average and significant environmental 36 

perturbations are occurring2. The environmental processes which underpin this 37 

amplification are complex, but are hypothesised to include changes in snow/ice 38 

cover3, ocean circulation4, cloud cover5, atmospheric forcing6 and precipitation7. 39 

These changes are altering environmental conditions in Arctic regions, changing 40 

regional hydrography8, reducing sea ice extent9 and increasing average water 41 

temperature regionally10,11. The rate of sea ice loss is being driven by a positive 42 

feedback mechanism, with the transition to a seasonal ice zone predicted sometime 43 

this century3. Such a mechanism implies a degree of irreversibility to the 44 

environmental change in the region.  45 

 46 

The long-term ecological consequences of such changes remain poorly resolved. This 47 

can be partly attributed to a sparsity of, and difficulty in sampling effort which has 48 

resulted in spatially and temporally limited data12. Technological limitations have 49 

further hindered the exploration of polar microbial communities as historical studies 50 

have focused on microscopy and culture-dependent techniques which are limited in 51 

their ability to capture the full diversity of biological systems13,14. DNA sequencing 52 

methods overcome these limitations, resolving the evolutionary history and 53 

phylogenetic relationships between distinct taxa14, commonly by targeting highly 54 

conserved rRNA genes. Regions V4-V6 of the 16S14 rRNA gene for bacteria, and the 55 

18S V9 region for eukaryotes are reported as best suited for community level 56 

phylogenetic analysis15.  57 
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 58 

Microbial communities are affected by their current environmental conditions16. 59 

Relationships between community composition and salinity17, water column depth18, 60 

latitude19, geographic distance20, water column temperature21 and water mass of 61 

origin22 have been reported, with water column temperature and salinity frequently 62 

identified as the strongest predictive factors17,21. Polar regions present a number of 63 

unique environmental challenges to these microbial communities. Indeed, distinct 64 

‘ecotypes’ of cosmopolitan microbes are often reported in Arctic associated marine 65 

ecosystems including ecotypes of Emiliania huxleyi23, and Fragilariopsis cylindrus24. 66 

It is unclear how these microbial communities will respond to future environmental 67 

perturbations, but it is reasonable to speculate that susceptibility to environmental 68 

perturbations may vary between taxonomic groups. This assumption is supported by 69 

previous reports linking decreasing Arctic sea ice extent with increased abundance of 70 

selected bloom forming phytoplankton taxa25, as well as observations of significant 71 

pelagic community assemblage restructuring26 and poleward range shifts of some 72 

taxonomic groups27. The thinning of sea-ice, and an increase in the proportion of 73 

first-year ice may also favour under-ice and sea-ice associated phytoplankton blooms 74 

of taxa, including Ciliates and Haptophytes26, which in turn could favour bacterial 75 

taxa, such as Formosa and Ulvibacter that show positive associations to 76 

phytoplankton blooms28. Alternatively, enhancement of melt water driven 77 

stratification may benefit halotolerant freshwater taxa, such as certain Synechococcus 78 

strains19. 79 

 80 

It is clear that the Arctic region is experiencing a period of environmental change 81 

which is altering the oceanic boundaries between temperate Atlantic and Polar Arctic 82 

waters2,25, setting up a new ‘competition’ between extant microbial communities in 83 

these regions25. However, the degree of vulnerability and long-term consequences of 84 

environmental change to local biological and ecosystem processes remain largely 85 
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unknown, and it is unclear which community members will be “winners” or “losers” 86 

under these pressures. Therefore, key questions remain as to how microbial 87 

communities will change in response to the alteration of boundaries between Polar 88 

and temperate waters resulting from increased Atlantic Water intrusions and warming 89 

within the Arctic29, and whether the presence of taxa adapted to particular habitats 90 

could replace resident communities under changing environmental conditions.  91 

 92 

We apply Illumina Next Generation Sequencing (NGS) technology to analyse 93 

microbial communities across a transect of five sampling stations in the Norwegian 94 

Sea featuring varying levels of influence from Polar Water. This allows us to directly 95 

compare the microbial community across a natural temperature and salinity gradient 96 

and assess the susceptibility of these communities to predicted alterations of these 97 

factors under increased Atlantic Water influence within the Arctic by examining 98 

community partitioning and correlations to environmental factors. 99 

 100 

 101 

Results 102 

Physical setting: Daily maps of sea surface temperature (SST), and circulation data 103 

for the sampled region 6 months prior to sample collection allowed the identification 104 

of three regional groups (Figure 1a). Images for 1 month before and 1 month after the 105 

sampling period at 2 week intervals are shown in Supplementary S1. The assigned 106 

regional groups reflected locations where waters were observed to experience 107 

continuous influence from Polar Water (squares), those that experienced periods of, 108 

but not constant Polar Water influence (triangles), and those that experienced little 109 

Polar Water influence (circles) during the period that SST maps were generated.  110 

 111 

In situ measurements of the water column temperature and salinity at the deep 112 

chlorophyll maximum (Supplementary S2 & S3) resolved that the sampled stations 113 
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covered a natural temperature and salinity gradient indicative of differing degrees of 114 

Polar and Atlantic Water influence (Figure 1b) during the sampled period. These 115 

measurements were used to objectively classify stations into three groups according 116 

to the extent of Polar Water influence calculated by way of a standard mixing line 117 

(Figure 1c), Polar end members were defined as featuring a salinity ≤34.5 and 118 

Atlantic end members were defined as 35.4, as observed at CTD08, which featured 119 

the greatest salinity. The first group comprised stations under a high influence (blue) 120 

(76-82%), the second was of moderate influence (green) (47%) and the third of 121 

relatively low influence (orange) (39-42%) (Figure 1a). The sample at station CTD62 122 

(blue square) was assigned as under high influence (HI) due to SST and salinities 123 

closest to the <0°C and 34.5 cut offs typically used for classifying Polar Waters30 124 

(Supplementary S3). Stations CTD56 and CTD57 (orange circles) were labelled as 125 

under low influence (LI) due to being located in a region where the SST maps 126 

showed little influence of Polar Waters and featured water temperatures >6°C during 127 

the sampling period. The sample taken at station CTD58 (green triangle) was 128 

observed to be in a mixed region, and featured SST and salinities between the HI and 129 

LI groups. This station was therefore labelled as under moderate influence (MI). SST 130 

maps showed that CTD59 (blue triangle) was also found in a mixed region, but in situ 131 

environmental data indicated that it was highly influenced by Polar Waters at the time 132 

of sampling due to featuring SST and salinity profiles similar to the other HI station 133 

(Figure 1b, Supplementary S2 & S3).  For purposes of comparison, we also included 134 

samples collected at stations CTD08, CTD10 & CTD12 present in the North Atlantic 135 

Ocean (pink diamonds) that featured SST >10°C. 136 

 137 

Microbial community assessment: Samples were filtered through a 0.45 µm filter. 138 

Sequencing of the 16S & 18S rRNA genes recovered from the stations outlined above 139 

(Figure 1) resolved the bacterial and eukaryotic diversity at each station. Rare OTUs 140 
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accounted for 86% of eukaryotic and 91% of bacterial OTUs, despite only 141 

constituting 2% and 18% of the abundance of sequences of each respective 142 

community.  143 

Principal coordinate analysis revealed a total of 79.2% of the variance in the bacterial 144 

community, and 72.1% of the eukaryotic variance were explained by the first and 145 

second components (Supplementary S4). Pearson correlation analysis revealed SST 146 

as the strongest physical environmental factor that correlated with the observed 147 

variance in both communities (bacteria; p<0.01, eukaryotes; p<0.05), salinity was 148 

also significant for the bacterial community (p<0.01) (Supplementary S5).  149 

 150 

Significant correlations with other environmental factors were also observed. The 151 

bacterial community correlated with silicate, and correlations with phosphate and 152 

ammonium were observed for the eukaryotic community. 153 

 154 

Bacterial community: The bacterial (16S) community was composed of 10 272 155 

distinct OTUs (Supplementary S6). The bacterial community partitioned into two 156 

distinct clusters (dissimilarity 65%) that mirrored the regional assignment of stations 157 

based on the physical data, with the two LI stations (CTD56 and CTD57) in one 158 

cluster, and two HI stations (CTD59 and CTD62) in the other (Figure 2a). The 159 

sample collected at station CTD58, the MI sample, was more dissimilar to the 160 

samples collected at the HI stations. This partitioning was repeated at all abundance 161 

fractions of the community (Figure 2a). 162 

 163 

The defined bacterial OTUs could be assigned to 10 main taxonomic groups 164 

(Supplementary S7). These ten groups represented 96.2% of the total bacterial 165 

community abundance. Gammaproteobacteria was the most abundant group at all 166 

stations, followed by Flavobacteriia and Alphaproteobacteria. Eight of the 10 taxa, 167 

namely the Alpha-, Beta-, Delta-, Gamma-proteobacteria, Acidimicrobiia, 168 
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Flavobacteriia, Verrucomicrobia and Firmicutes, all displayed strong regional 169 

partitioning (dissimilarity of 40-80% between LI and HI station groups) (Figure 3a.1). 170 

The taxonomic composition within seven of these eight taxonomic groups at the MI 171 

station was more dissimilar to that of the HI stations. The notable exception being the 172 

MI Deltaproteobacteria where the composition was 75% dissimilar to that found in 173 

both LI and HI stations. Two taxa, namely the Epsilonproteobacteria and Cytophagia 174 

(Figure 3a.2) showed no regional partitioning. Based on this analysis we infer that 7 175 

bacterial taxonomic groups show regional clustering where MI stations were more 176 

dissimilar to HI stations. 177 

 178 

Further exploration of the bacterial OTUs revealed that each station had a number of 179 

unique OTUs that could only be found at that individual station (Figure 4a). When 180 

OTUs represented by <10 sequence copies per OTU were excluded (Figure 4b) a 181 

similar pattern remained. Thus, the number of unique OTUs found at each station 182 

were not skewed by artefacts from OTUs with low sequence number. A pool of “core 183 

OTUs” were common to all stations, 912 in total for bacteria (Figure 4a). Bacterial HI 184 

stations were observed to share fewer OTUs with the MI and LI stations, indicating 185 

compositional differences between the station groups (Figure 4c).  186 

 187 

Heatmaps resolved 391 OTUs that displayed a strong proportional bias to certain 188 

stations indicating preferential conditions at individual stations. The Flavobacteriia 189 

featured 151 OTUs that were deemed to display a strong proportional bias (red) to a 190 

particular station, 101 of which were identified at the HI station CTD62 (Figure 5a). 191 

An absence (black) of these OTUs at CTD56, CTD57 and CTD58 was also observed. 192 

The Alphaproteobacteria, Acidimicrobia and Gammaproteobacteria featured 71, 3 193 

and 94 OTUs, respectively, which displayed a proportional bias to a particular station. 194 

Of these OTUs the highest numbers were identified at CTD56 (32), CTD57 (2) and 195 

CTD58 (37) for the Alphaproteobacteria, Acidimicrobia and Gammaproteobacteria 196 
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respectively. An absence of OTUs at HI stations was again observed for these three 197 

taxonomic groups. No representatives of Betaproteobacteria were deemed to show 198 

strong proportional bias. All other taxonomic groups featured few OTUs making it 199 

difficult to draw conclusions likely to be reflective of the group. 200 

 201 

Eukaryotic community: The eukaryotic (18S) community was composed of 2 558 202 

distinct OTUs (Supplementary S6), and also displayed regional partitioning into two 203 

distinct clusters (dissimilarity of 70%) (Figure 2b). However, contrasting partitioning 204 

was observed whereby the MI station (CTD58) clustered with the HI stations (CTD59 205 

& CTD62) for the entire sampled community and abundant fraction of the filtered 206 

communities, but the MI station partitioned with the LI stations for the rare and 207 

intermediate abundance fractions (Figure 2b). Identical regional partitioning was 208 

observed for both bacterial and eukaryote communities when samples collected from 209 

the North Atlantic were included in the analysis, providing a further comparison 210 

against a temperate community (Supplementary S8).  211 

 212 

Compositional differences within the eukaryotes included the HI stations being 213 

dominated by Stramenopiles, whereas the LI stations were dominated by a high 214 

relative abundance of an uncultured SAR (Alveolate) isolate NIF-4C10, and 215 

Dinoflagellates (Supplementary S7). The MI station featured elevated levels of 216 

Proteoalveolata compared to other stations.  217 

 218 

Analysis of the constituent eukaryotic taxonomic groups revealed that eight; namely 219 

the Charophyta, Chlorophyta, Dinoflagellata, Excavata, Protalveolata, Apicomplexa, 220 

Opisthokonta and Cryptophyta displayed strong regional partitioning (dissimilarity of 221 

50-85% between the HI and LI station groups) (Figure 3b.1). The taxonomic 222 

composition within four of these taxonomic groups, the Charophyta, Chlorophyta, 223 

Excavata and Opisthokonta found at the MI station was most dissimilar to those at HI 224 
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stations. For the Dinoflagellata, Protalveolata and Cryptophyta the MI station was 225 

most dissimilar to LI stations. The MI station CTD58 was highly dissimilar to both 226 

the LI and HI stations for the Apicomplexa taxon. Despite observed differences in 227 

relative abundance (Supplementary S7), the Rhizaria, Stramenopiles, Picozoa, 228 

Ciliophora, Haptophyta and Centrohelida (Figure 3b.2) displayed no clear regional 229 

partitioning. Analysis was not possible for the Rhodophyta or Ameobozoa due to 230 

insufficient recovery of representative OTUs at individual stations. 231 

 232 

Heatmaps of eukaryotic OTUs displaying a strong proportional bias to certain stations 233 

(red) revealed they were more common than observed in the bacterial community 234 

(604 eukaryotic OTUs vs 391 bacterial OTUs). 189 of the 223 Protalveolata OTUs 235 

featuring a strong proportional bias was observed at CTD58, with a number absent at 236 

all other stations (black) (Figure 5b). Within the Charophyta and Excavata most 237 

OTUs displaying a strong proportional bias was observed at CTD58, being 12 and 6 238 

respectively. The Chlorophyta, Haptophyta and Cryptophyta displayed the most 239 

biased OTUs at CTD56, being 21, 13 and 6 respectively. The Rhizaria featured 20, 240 

and the Stramenopiles 31, biased OTUs at CTD62. Representatives of the Ciliophora, 241 

Opisthokonta and Dinoflagellata featured a similar number of station biased OTUs 242 

across all stations.  243 

 244 

Discussion 245 

This study explored the microbial communities present across an oceanographic 246 

gradient of Atlantic-Polar Water influence in the Norwegian Sea and revealed how 247 

microbial communities are being partitioned into distinct assemblages. Communities 248 

were observed to display specific distribution patterns that correlated with defined 249 

physical oceanographic characteristics, as is supported by studies that have reported 250 

geographically distinct polar communities31,32, and large scale studies that have 251 
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reported temperature as a main predictive variable of global epipelagic microbial 252 

community structure21, although these exclude the Arctic region.  253 

 254 

The reason for observed correlations of the bacterial community with silicate is 255 

unclear, but representatives of Flavobacteriia and Gammaproteobacteria are known to 256 

associate with diatoms33 which may offer an explanation. Phosphate is often 257 

suggested to be a growth limiting nutrient within freshwater phytoplankton 258 

communities34, but phosphate limitation of marine communities has also been 259 

demonstrated35. Nitrogen is typically considered to be the main growth limiting 260 

nutrient of marine phytoplankton36, which may be preferentially uptaken in the form 261 

of ammonium rather than nitrate37, therefore, the observed correlations of the 262 

eukaryotic community with phosphate and nitrogen are largely expected. 263 

 264 

The partitioning of the MI station community, present in a mixed region, in relation 265 

to the LI and HI communities provides a potential means to predict which community 266 

may become dominant under increased Atlantic Water influence within the region. 267 

The observed correlations with environmental variables and partitioning of the MI 268 

station with the LI station for the bacterial communities implies that cold water 269 

bacterial OTUs found at highly Polar Water influenced regions could potentially be 270 

displaced under predicted increased Atlantic mixing and warming within the Arctic 271 

region. A similar trend is also suggested for OTUs within the rare and intermediate 272 

abundance fractions of the eukaryotic community. However, the MI station 273 

partitioning with HI stations for the abundant eukaryotic community fraction, 274 

suggests that OTUs representative of highly Polar Water influenced regions could 275 

dominate over warmer adapted temperate where these communities mix. Analysis of 276 

the major taxonomic groups within each community showed that partitioning which 277 

matched the regional assignment of stations based on environmental data was a 278 

common feature. However, not all groups partitioned in the same way, implying that 279 
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intra-taxa responses to environmental pressures are more complex. Data for the 280 

bacterial taxa Alpha-, Beta-, Gamma-proteobacteria, Acidimicrobiia, Flavobacteriia, 281 

Verrucomicrobia and Firmicutes revealed that there is the potential for community 282 

restructuring to result in a displacement of cold water associated OTUs. A similar 283 

potential exists for eukaryotes within the taxonomic groups Charophyta, Chlorophyta, 284 

Excavata and Opisthokonta. However, certain members of the Dinoflagellata, 285 

Protalveolata and Cryptophyta may undergo a contrasting restructuring, whereby 286 

constituent cold water OTUs may replace warmer adapted temperate OTUs under 287 

conditions where populations mix. 288 

 289 

As is common in NGS studies, the majority of OTUs were observed to belong to rare 290 

members of the community, here defined as those representing ≤0.01% of the 291 

community. It is this rare component of the microbial community that represents the 292 

vast majority of the biological diversity in the oceans38. Little is known about the 293 

ecological or functional role of members of the rare community, but there is evidence 294 

that some rare species can display high levels of metabolic activity enabling them to 295 

disproportionally contribute to certain ecosystem functions39. The rare community 296 

may also play a key role in the resilience of an ecosystem through acting as a 297 

seedbank of a large number of functionally redundant similar genetic variants, 298 

adapted to slightly different environmental conditions. As environmental 299 

perturbations occur, the abundance of these variants changes with little overall effect 300 

on ecosystem function40. Indeed, compensatory reactions of rare phytoplankton taxa 301 

to environmental stressors have been evidenced to maintain core ecosystem functions 302 

under experimental conditions41. Yet the window of tolerance for these different 303 

variants is likely to be small and unable to cope with larger environmental changes42, 304 

and are suggested as the most vulnerable taxa to local extinctions43. The partitioning 305 

of the rare fraction of both the bacterial and eukaryotic community implied the likely 306 

displacement of cold water associated OTUs with Atlantic associated OTUs under 307 
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increased Atlantic Water influence, therefore, local loss of cold adapted rare taxa may 308 

have implications to the regions resilience to future change.  309 

 310 

A core pool of OTUs was recovered from all stations, implying ecological viability 311 

throughout a range of environmental conditions. Despite these OTUs being present at 312 

all stations, examples were observed that were proportionally more abundant at 313 

certain stations, and less so elsewhere (S9 & S10). This suggests a growth response in 314 

reaction to favourable conditions found at individual stations and raises questions 315 

over the impacts of deviations from these conditions for such OTUs. OTUs 316 

displaying such abundance profiles were common within the eukaryotic community, 317 

but rarer within the bacterial community. However, visual trends of the abundance 318 

profiles of bacterial OTUs show a more graduated abundance pattern across stations, 319 

which may in part be driven by the greater ease of bacterial dispersal over regional 320 

distances compared to larger eukaryotes44. Additionally, it may be that greater 321 

taxonomic resolution may be required to resolve stronger ecological patterns within 322 

the bacterial community that are missed even at the OTU level45.  323 

 324 

In addition to predicted changes to the community as a whole, and constituent 325 

taxonomic groups, certain individual OTUs may also be particularly susceptible to 326 

changing conditions. Heat map data showed the Chlorophyta, Cryptophyta and 327 

Epsilonproteobacteria featured OTUs that displayed a strong proportional bias 328 

towards CTD56, implying a preference of these individuals for LI waters.  As the 329 

alterations to the boundaries between Atlantic and Polar Waters2, as well as warming 330 

of the Arctic region continues, such taxa will likely experience positive selection, 331 

increasing in abundance and extending their geographic range, as already seen for 332 

other example taxa23,27,46. By contrast, the Verrucomicrobia, Rhizaria, Flavobacteria 333 

and Stramenopiles featured high number of OTUs found in greater proportions at 334 

CTD62, which are potentially susceptible to local exclusion as suitable habitat range 335 
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contracts.  Similar examples were observed in nearly every taxonomic group, and at 336 

multiple stations, implying the presence of individuals within all taxonomic groups 337 

and at all stations that are at risk to environmental perturbations. 338 

 339 

Our findings of community members potentially susceptible to increased Atlantic 340 

influence are validated by known patterns in the current literature. For example, the 341 

Flavobacteriia genus Polaribacter contained potentially temperature-dependent 342 

ecotypes, agreeing with previous reports of psychrophilic47 or cold water restricted22 343 

members. HI stations also featured elevated levels of Ulvibacter (also a 344 

Flavobacteriia), which were first isolated from a polar environment48. Similar patterns 345 

were seen for the Gammaproteobacteria genus Balneatrix, which were found at high 346 

abundances at the HI station, and were originally isolated from freshwater49. A 347 

number of taxa were recovered at LI and MI station groups that are known to display 348 

temperature driven distributions and are typically associated with temperate waters. 349 

These included the SAR86 clade50, ZD0405 clade51 of the Gammaproteobacteria, and 350 

Rhodobacteraceae52, as well as SAR11 subclades53. Due to the primer used, SAR11 351 

diversity may be under estimated54. Within the eukaryotes there was a clear 352 

difference within the Haptophytes which mirrored previous reports, the LI stations 353 

were primarily occupied by representatives of Coccolithales which were replaced 354 

with Phaeocystis at the HI stations, a taxon known to contain members that associate 355 

with cold regions55.  356 

 357 

Here we have demonstrated that the pelagic microbial community present across an 358 

oceanographic gradient of Polar Water influence across the Norwegian Sea displays 359 

specific distribution patterns that correlated with hydrography.  The distinct genetic 360 

distance observed between the taxa found within HI and LI groups raises important 361 

questions concerning the structuring of microbial communities under predicted future 362 

increasing Atlantic influence and warming in the Arctic region. The observed 363 
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partitioning of communities suggests a likely displacement of bacterial communities 364 

found in highly Polar Water influenced areas as Atlantic Water influence increases 365 

within the region, but with the responses of eukaryotes being more complex and 366 

differing between constituent taxonomic groups. We have also shown the likely 367 

susceptibility of certain OTUs to significant changes in local abundance due to 368 

distinct abundance patterns of these individual OTUs, presumably reflecting more 369 

favourable growth conditions at specific stations. Future monitoring and assessment 370 

of the region is imperative to track and quantify the extent of these impacts if we are 371 

to determine their long-term ecological effects. 372 

 373 

Methods 374 

The water samples used in this study were collected from CTD casts taken as part of 375 

cruises for the UK Ocean Acidification research program aboard the RRS James 376 

Clark Ross research vessel during cruise JR27156 (1st June2012 to 2nd July 2012; for 377 

cast locations see Supplementary S12). This program aimed to reduce uncertainties in 378 

the predictions of changing ocean carbonate chemistry and the response of marine 379 

organisms to such stressors. The cruise comprised a transect of five stations in the 380 

Norwegian Sea (Figure 1). Three additional stations located in the North Atlantic 381 

Ocean were also sampled.  382 

 383 

Sea Surface Temperature and Circulation Maps 384 

Daily maps of absolute dynamic topography and sea surface temperature were created 385 

for the 6 month period prior to sampling for the study region. These were used to 386 

examine the mesoscale circulation of the region during sampling. High resolution 387 

(0.05°) sea surface temperature and sea ice fraction data were obtained from the 388 

Operational Sea surface Temperature and Ice Analysis (OSTIA) system using both in 389 

situ and satellite data57.  390 

 391 
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CTD Casts 392 

CTD data were collected at each sampling station using a standard Rosette unit using 393 

either a stainless steel or titanium frame and equipped with the following sensors; 394 

SeaBird (St. Bellevue, Washington, USA) Digiquartz temperature compensated 395 

pressure sensor, SeaBird-SBE 4C, SBE 3P, SBE 43, Chelsea (Surrey, UK) MKIII 396 

Aquatracka fluorometer, WETLabs (Philomath, Oregon, USA) C-Star 25 cm path 397 

transmissometer, Biospherical (San Diego, California, USA) QCD-905L PAR 398 

irradiance sensor, Tritech (Westhill, Scotland) PA200 altimeter. These were used to 399 

determine the dissolved oxygen content (DO2) [µmol l-1], photosynthetically available 400 

radiation (PAR) [µmol photons/m2s-1], pressure [dbar], density anomaly [kg/m3], 401 

temperature [°C], salinity and chlorophyll fluorescence [mg/m3] directly on site at 402 

one metre intervals spanning from just below the sea surface to the sea floor. Nitrate, 403 

ammonium and phosphate measurements were obtained by running samples through 404 

a Skalar (Breda, Netherlands) San+Segmented Flow Autoanalyzer using 405 

colourimetric techniques58.  406 

 407 

DNA Extractions 408 

Water samples were collected from each station at the deep chlorophyll maximum 409 

(Supplementary S3) in Nalgene bottles washed with 1.5% HCl solution and rinsed 410 

three times with MilliQ water. From each bottle 0.25-1.00 L of seawater was filtered 411 

by vacuum pump through a 0.45 µm polycarbonate membrane filter (PALL 412 

Corporation, Michigan, USA); a protocol confirmed to be sufficiently sensitive for 413 

capturing both the pro- and eukaryotic communites59,60. This 0.45 μm cutoff was 414 

chosen over the more traditional 0.22 μm because of the increased bias towards 415 

capturing giant marine viruses, known to encode many pro- and eukaryotic genes.  416 

We accepted that we might not efficiently capture the smaller bacterial species on the 417 

0.45 μm filter but as stated above, we found that the microbial diversity observed was 418 
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comparable to other studies using the 0.22 μm filters. This was likely because 419 

accuracy in size fractionation lies in the filtrate and not the retentate. The retentate, 420 

i.e. the filters themselves, do still capture the smaller particles. Each filter was rinsed 421 

in a petri dish with 2 ml of phosphate buffered saline (PBS) solution and the resultant 422 

solution transferred to an Eppendorf tube. DNA was extracted from the PBS solution 423 

for each environmental sample using Qiagen DNeasy Blood and Tissue kit as per the 424 

manufacturers protocol (QIAGEN, Valencia, CA, USA) before being frozen at -20 °C 425 

for later laboratory analysis.  426 

 427 

Probe Assay 428 

For each sample, amplification of the V4 region of the 16S SSU rRNA gene to target 429 

the bacterial community, and V9 region of the 18S SSU rRNA gene to target the 430 

eukaryotic community was carried out in triplicate using universal primers 431 

(Supplementary S13) to generate DNA barcodes for taxonomic analysis. The 432 

amplified 16S V4 region spanned ~350bp, and the amplified 18S V9 region spanned 433 

~270bp. 1 µl of the extracted environmental DNA was added to 5 µl Colourless 434 

GoTaq Flexi Buffer, 1.5 µl MgCl2 25 mM, 2.5 µl PCR Nucleotide mix 10 mM, 1 µl 435 

Evagreen dye, 0.1 µl GoTaq DNA polymerase, 12.9 µl molecular grade water and 0.5 436 

µl of both forward and reverse primers (10 pmol/µl) up to a final volume of 25 µl for 437 

each sample. 1 µl molecular water was used in place of extracted DNA to act as 438 

negative controls for each primer combination. 439 

Real-time qPCR was run on a Corbette Rotor-Gene 6000 using an initial denaturation 440 

step of 94 °C for three minutes, followed by up to 35 cycles of a three step qPCR: 94 441 

°C for 45 seconds, 50 °C for 60 seconds and 72 °C for 90 seconds. Each sample and 442 

its corresponding negative control were removed after the cycle in which it exceeded 443 

a fluorescence threshold of 80 to minimise the formation of artefacts such as chimeras 444 

during the plateau phase of the reaction. 445 

 446 
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Electrophoresis Gel 447 

To confirm the success of the amplification each PCR product was loaded into a 1.5% 448 

agarose gel and run for 50 minutes at 110 V to separate the amplicons by size fraction 449 

and check for contamination. Bands of ~270bp for the 18S samples and ~350bp for 450 

the 16S samples were removed by razor blade under a UV transilluminator. 451 

 452 

DNA Recovery 453 

DNA was recovered from the excised gel bands for each sample using the Zymoclean 454 

Gel DNA recovery protocol as per the manufacturer’s instructions (Zymo Research, 455 

Irvine, CA, USA). The quality and quantity of recovered DNA was assessed using an 456 

Agilent DNA 1000 kit and corresponding dsDNA 12000 Series II assay (Agilent 457 

Technologies, Santa Clara, CA, USA) (Supplementary S14). Samples were diluted to 458 

a final concentration of 4 nM/L for each sample and the highest quality replicate for 459 

each site selected. The quality assignment of each replicate was based upon the 460 

strength of peaks generated during the Agilent assay and the total quantity of DNA 461 

recovered. Where similar quantities of DNA were recovered from two replicates the 462 

one with the narrowest peak observed during the Agilent assay was selected. 3 µl of 463 

the 4 nM/L solution of each of the chosen replicates was combined and sent for 464 

sequencing by Illumina MiSeq technology at The National Oceanography Centre in 465 

Southampton, England. 466 

 467 

Bioinformatic Analysis 468 

The processing of the Raw Illumina MiSeq sequences was carried out on the Biolinux 469 

platform61. Raw sequence quality was first assessed using FAST-QC62. Any over 470 

represented or primer sequences were removed using Cutadapt v1.9.163. Both forward 471 

and reverse sequences were quality filtered using PEAR v0.9.864 to retain only high 472 

quality sequences above a Phred score of 28, while simultaneously merging them. 473 

Sequences outside of 100-300 nucleotides long were removed. Finally, all 18S 474 
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sequences were trimmed to a maximum length of 270bp, and all 16S sequences to 475 

250bp using R v3.3.065 to aid with alignment. These steps ensured poor quality data 476 

did not interfere with downstream processing.  477 

 478 

For the 18S sequences, Swarm v2.1.666 was used to create a single dereplicated file 479 

for the entire study which contained only unique sequences, from this an amplicon 480 

contingency table of all unique OTUs in all samples was generated. OTUs for each 481 

sample were then assigned using the Swarm v2.1.666 clustering algorithm with one 482 

ambiguous nucleotide allowed between OTUs. For the 16S sequences, Qiime was 483 

used to first create a mapping file to enable all sequences from all stations to be 484 

combined into a single fasta file. All sequences were then clustered into OTUs based 485 

on a 98.7 % similarity, which is suggested as most suited to resolve OTUs at the 486 

equivalent of species level67. Representative sequences for each OTU were selected 487 

based on the most abundant sequence for each OTU. Taxonomy was determined for 488 

each OTU for both 16S and 18S datasets using Qiime v1.9.168 by blasting against the 489 

SILVA69 database (release 128) with an e-value threshold of 10-8. R65 was used to add 490 

the taxonomic annotation to each corresponding OTU, resulting in an output of 491 

annotated unique OTUs present in each sample and their abundances. Any singletons, 492 

defined as OTUs identified by only one sequence across the entire study were 493 

excluded. The taxonomic assignment for each OTU was manually validated against 494 

the NCBI database and amended as necessary. Each dataset was rarefied by 495 

subsampling to the smallest number of sequences recovered at a single station to 496 

normalise the data and enable comparability across stations. This was achieved by 497 

using the “rarefy” function in the R package ‘vegan’70.  498 

 499 

Estimations of Diversity 500 
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Analysis of the sequencing effort was achieved by constructing rarefaction curves of 501 

the observed OTU richness, and extrapolated OTU richness from the rarefied dataset 502 

using the R “iNEXT” package71 (See supplementary S15) .  503 

 504 

To analyse the diversity recovered at each station α-diversity metrics calculated as 505 

part of the rarefaction analysis using the “iNEXT” R package were recorded, and 506 

ACE diversity estimator calculated using the “estimateR” function in the R package 507 

‘EpiEstim’72. A comparison of the β-diversity across the stations was achieved by 508 

generating a dendrogram of the Bray-Curtis dissimilarity matrix between OTUs 509 

recovered at each station using the “vegdist” function in the R package ‘vegan’70. 510 

This was also carried out for OTUs separated into the major taxonomic groups. The 511 

structuring of the eukaryotic community was influenced by a number of copepod 512 

OTUs, likely the result of debris rather than intact whole organisms. Removal of 513 

these resulted in reduced genetic dissimilarity of CTD59 and CTD62 (from 73% to 514 

67%) (Supplementary S8), as would be expected based on the similarity of 515 

environmental characteristics (Supplementary S3), hence the copepods were excluded 516 

from further analysis.  517 

 518 

Venn diagrams were created using the ‘VennDiagram’ function in the R package 519 

‘vegan’70 to visualise the distribution of shared and specific taxa by comparing the 520 

presence/absence of OTUs. The relative abundance across stations of the top 200 521 

OTUs were also plotted using R65 to explore how their distribution pattern changed  522 

and explain the community structure observed. Correlations of these OTUs with 523 

environmental factors (Supplementary S9, S10 & S11) were determined by 524 

Spearman’s rank analysis using the ‘rcoor’ function from the R package ‘vegan’70. 525 

 526 

Heatmaps were generated for both the bacterial and eukaryotic community, and 527 

subdivided by their respective constituent major taxonomic groups using the R 528 
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package ‘pheatmap’73. The heatmaps visualise the relative proportional contribution 529 

each OTU makes to the community across all stations74,75. To exclude any potential 530 

bias introduced through low sequence number any OTUs represented by <10 reads 531 

were removed. OTUs were deemed to display a strong proportional bias for a station 532 

where the proportion of total sequences from all stations for an OTU was ≥60% at 533 

one station. 534 

 535 

Acknowledgements 536 

The altimeter products were produced by Ssalto/Duacs and distributed by Aviso with 537 

support from Cnes.  The OSTIA high resolution sea surface temperature and sea ice 538 

data were provided through the Copernicus Marine Environment Monitoring Service 539 

(www.marine.copernicus.eu). The map in Figure 1 was produced using the m_map 540 

toolbox for Matlab76. 541 

We’d also like to thank the UK Ocean Acidification programme, the crew and 542 

officers of the RSS James Clark Ross during cruise JR271. Contribution to 543 

manuscript preparation by FC was supported by Arctic PRIZE research project 544 

(NE/P006302/1), part of the Changing Arctic Ocean programme funded by the UKRI 545 

Natural Environment Research Council (NERC). The UK Ocean Acidification 546 

research program was funded by the Natural Environmental Research Council 547 

through grant numbers NE/H017348/1 and NE/H016996/1. 548 

Finally, MCG received a NERC UKRI SPITFIRE studentship 549 

 550 

Competing Interests 551 

The authors declare no competing interests. 552 

 553 

Author contributions statement 554 

MCG & DCS wrote the manuscript. MCG ran assays and carried out the 555 

bioinformatic analysis. CB and DCS designed the sampling strategy. CB collected the 556 



22 
 

samples and extracted the nucleic acids from samples. AB carried out the sequencing. 557 

SET, FC, TSB, CMM and DCS reviewed and edited the manuscript. 558 

 559 

References 560 

1. Falkowski, P. G., Fenchel, T. & Delong, E. F. The Microbial Engines That 561 

Drive Earth ’s Biogeochemical Cycles. Science 320, 1034–1039 (2008). 562 

2. Lind, S., Ingvaldsen, R. B. & Furevik, T. Arctic warming hotspot in the 563 

northern Barents Sea linked to declining sea-ice import. Nat. Clim. Chang. 8, 564 

634–639 (2018). 565 

3. Kashiwase, H., Ohshima, K. I., Nihashi, S. & Eicken, H. Evidence for ice-566 

ocean albedo feedback in the Arctic Ocean shifting to a seasonal ice zone. Sci. 567 

Rep. 7, 1–10 (2017).  568 

4. Chylek, P., Folland, C. K., Lesins, G., Dubey, M. K. & Wang, M. Arctic air 569 

temperature change amplification and the Atlantic Multidecadal Oscillation. 570 

Geophys. Res. Lett. 36, 2–6 (2009). 571 

5. Abe, M., Nozawa, T., Ogura, T. & Takata, K. Effect of retreating sea ice on 572 

Arctic cloud cover in simulated recent global warming. Atmos. Chem. Phys. 573 

16, 14343–14356 (2016). 574 

6. Stuecker, M. F., Bitz, C. M., Armour, K. C., Proistosescu, C. & Kang, S. M. 575 

Polar amplification dominated by local forcing and feedbacks. Nat. Clim. 576 

Chang. 8, 1076-1082 (2018). 577 

7. Bintanja, R. & Andry, O. Towards a rain-dominated Arctic. Nat. Clim. Chang. 578 

7, 263–268 (2017). 579 

8. Haine, T. W. N. et al. Arctic freshwater export : Status , mechanisms , and 580 

prospects. Glob. Planet. Change 125, 13–35 (2015). 581 

9. Kwok, R. Arctic sea ice thickness , volume , and multiyear ice coverage : 582 

losses and and coupled variability ( 1958 – 2018 ). Environ. Pollut. 13, 583 

105005 (2018). 584 

10. Marshall, J. et al. The ocean’s role in polar climate change: asymmetric Arctic 585 

and Antarctic responses to greenhouse gas and ozone forcing. Philos. Trans. 586 

R. Soc. A Math. Phys. Eng. Sci. 372, 20130040 (2014). 587 

11. Polyakov, I. V et al. Greater role for Atlantic inflows on sea-ice loss in the 588 

Eurasian Basin of the Arctic Ocean. Science 356, 285–291 (2017). 589 

12. Wassmann, P., Duarte, C. M., Agusti, S. & Serj, M. K. Footprints of climate 590 

change in the Arctic marine ecosystem. Glob. Chang. Biol. 17, 1235–1249 591 

(2011). 592 

13. Kilias, E., Kattner, G., Wolf, C., Frickenhaus, S. & Metfies, K. A molecular 593 



23 
 

survey of protist diversity through the central Arctic Ocean. Polar Biol. 37, 594 

1271–1287 (2014). 595 

14. De Mandla, S. & Amrita, P. Microbial Ecology in the Era of Next Generation 596 

Sequencing. J. Next Gener. Seq. Appl. S1, 1–6 (2015). 597 

15. Amaral-Zettler, L. A., McCliment, E. A., Ducklow, H. W. & Huse, S. M. A 598 

method for studying protistan diversity using massively parallel sequencing of 599 

V9 hypervariable regions of small-subunit ribosomal RNA Genes. PLoS One 600 

4, 1–9 (2009). 601 

16. Jennifer B. Hughes Martiny, B. J. M. B. et al. Microbial biogeography: 602 

putting microorganisms on the map. Nat. Rev. Microbiol. 4, 102–112 (2006). 603 

17. Barberán, A. & Casamayor, E. O. Global phylogenetic community structure 604 

and β-diversity patterns in surface bacterioplankton metacommunities. Aquatic 605 

Microbial Ecology 59, 1–10 (2010). 606 

18. Zinger, L. et al. Global patterns of bacterial beta-diversity in seafloor and 607 

seawater ecosystems. PLoS One 6, 1–11 (2011). 608 

19. Boeuf, D., Humily, F. & Jeanthon, C. Diversity of arctic pelagic bacteria with 609 

an emphasis on photoheterotrophs: A review. Biogeosciences 11, 3309–3322 610 

(2014). 611 

20. García-Martínez, J. & Rodríguez-Valera, F. Microdiversity of uncultured 612 

marine prokaryotes: The SAR11 cluster and the marine Archaea of Group I. 613 

Mol. Ecol. 9, 935–948 (2000). 614 

21. Sunagawa, S. et al. Structure and function of the global ocean microbiome. 615 

Science 348, 1261359 (2015). 616 

22. Abell, G. C. J. & Bowman, J. P. Ecological and biogeographic relationships of 617 

class Flavobacteria in the Southern Ocean. FEMS Microbiol. Ecol. 51, 265–618 

277 (2005). 619 

23. Winter, A., Henderiks, J., Beaufort, L., Rickaby, R. E. M. & Brown, C. W. 620 

Poleward expansion of the coccolithophore Emiliania huxleyi. J. Plankton 621 

Res. 36, 316–325 (2014). 622 

24. Mock, T. et al. Evolutionary genomics of the cold-adapted diatom 623 

Fragilariopsis cylindrus. Nat. Publ. Gr. 541, 536–540 (2017). 624 

25. Yool, A., Popova, E. E. & Coward, A. C. Future change in ocean 625 

productivity : Is the Arctic the new Atlantic. J. Geophys. Res.  Ocean. 120, 626 

7771–7790 (2015). 627 

26. Comeau, A. M. et al. Arctic ocean microbial community structure before and 628 

after the 2007 record sea ice minimum. PLoS One 6, (2011). 629 

27. Barton, A. D., Irwin, A. J., Finkel, Z. V & Stock, C. A. Anthropogenic climate 630 



24 
 

change drives shift and shuffle in North Atlantic phytoplankton communities. 631 

PNAS 113, 2964–2969 (2016). 632 

28. Klindworth, A. et al. Diversity and activity of marine bacterioplankton during 633 

a diatom bloom in the North Sea assessed by total RNA and pyrotag 634 

sequencing. Mar. Genomics 18, 185–192 (2014). 635 

29. Oziel, L., Sirven, J. & Gascard, J. The Barents Sea frontal zones and water 636 

masses variability ( 1980 – 2011 ). Ocean Science 12, 169–184 (2016).  637 

30. Loeng, H. Features of the physical oceanographic conditions of the Barents 638 

Sea. Polar Res. 10, 5–18 (1991). 639 

31. Sul, W. J., Oliver, T. A., Ducklow, H. W., Amaral-Zettler, L. A. & Sogin, M. 640 

L. Marine bacteria exhibit a bipolar distribution. Proc. Natl. Acad. Sci. U. S. 641 

A. 110, 2342–2347 (2013). 642 

32. Mock, T. et al. Evolutionary genomics of the cold-adapted diatom 643 

Fragilariopsis cylindrus. Nature 541, 536–540 (2017). 644 

33.  Amin, S. A., Parker, M. S. & Armbrust, E. V. Interactions between Diatoms 645 

and Bacteria. Microbiology and molecular biology reviews 76, 667–684 646 

(2012). 647 

34.  Ly, J., Philippart, C. J. M. & Kromkamp, J. C. Phosphorus limitation during a 648 

phytoplankton spring bloom in the western Dutch Wadden Sea. Journal of Sea 649 

Research 88, 109–120 (2014). 650 

35.  Elser, J. J. et al. Global analysis of nitrogen and phosphorus limitation of 651 

primary producers in freshwater, marine and terrestrial ecosystems. Ecology 652 

Letters 10, 1135–1142 (2007). 653 

36.  Duce, R. et al. Impacts of atmospheric anthropogenic nitrogen on the open 654 

ocean. Science 320, 893–897 (2008). 655 

37.  Dortch, Q. The interaction between ammonium and nitrate uptake in 656 

phytoplankton. Marine Ecology Progress Series 61, 183–201 (1990). 657 

38. Galand, P. E., Casamayor, E. O., Kirchman, D. L. & Lovejoy, C. Ecology of 658 

the rare microbial biosphere of the Arctic Ocean. Proc. Natl. Acad. Sci. U. S. 659 

A. 106, 22427–22432 (2009). 660 

39. Jousset, A. et al. Where less may be more : how the rare biosphere pulls 661 

ecosystems strings. ISME 11, 853–862 (2017). 662 

40. Caron, D. A. & Countway, P. D. Hypotheses on the role of the protistan rare 663 

biosphere in a changing world. Aquat. Microb. Ecol. 57, 227–238 (2009). 664 

41. Flöder, S., Jaschinski, S., Wells, G. & Burns, C. W. Dominance and 665 

compensatory growth in phytoplankton communities under salinity stress. J. 666 

Exp. Mar. Bio. Ecol. 395, 223–231 (2010). 667 



25 
 

42. Irwin, A. J., Finkel, Z. V, Müller-karger, F. E. & Troccoli, L. Phytoplankton 668 

adapt to changing ocean environments. PNAS 112, 5762–5766 (2015). 669 

43. Mouillot, D. et al. Rare Species Support Vulnerable Functions in High-670 

Diversity Ecosystems. PLoS Biol. 11, e1001569 (2013). 671 

44. Wilkinson, D. M., Koumoutsaris, S., Mitchell, E. A. D. & Bey, I. Modelling 672 

the effect of size on the aerial dispersal of microorganisms. J. Biogeogr. 39, 673 

89–97 (2012). 674 

45. Needham, D. M., Sachdeva, R. & Fuhrman, J. A. Ecological dynamics and co-675 

occurrence among marine phytoplankton, bacteria and myoviruses shows 676 

microdiversity matters. ISME J. 11, 1614–1629 (2017). 677 

46. Hegseth, E. N. & Sundfjord, A. Intrusion and blooming of Atlantic 678 

phytoplankton species in the high Arctic. J. Mar. Syst. 74, 108–119 (2008). 679 

47. Gosink, J. J., Woese, C. R. & Staley, J. T. Polaribacter gen. nov., with three 680 

new species, P. irgensii sp. nov., P. franzmannii sp. nov. and P. filamentus sp. 681 

nov., gas vacuolate polar marine bacteria of the Cytophaga- Flavobacterium-682 

Bacteroides group and reclassification of 'Flectobacillus glomeratus' as 683 

Polaribacter glomeratus comb. nov.. Int. J. Syst. Bacteriol. 48, 223–235 684 

(1998). 685 

48. Choi, T., Lee, H. K., Lee, K. & Cho, J. Ulvibacter antarcticus sp . nov ., 686 

isolated from Antarctic coastal seawater. Int. J. Syst. Evol. Microbiol. 57, 687 

2922–2925 (2017). 688 

49. Dauga, C. et al. Balneatrix alpica gen. nov., sp. nov., a bacterium associated 689 

with pneumonia and meningitis in a spa therapy centre. Res. Microbiol. 144, 690 

35–46 (1993). 691 

50. Dupont, C. L. et al. Genomic insights to SAR86, an abundant and uncultivated 692 

marine bacterial lineage. ISME J. 6, 1186–99 (2012). 693 

51. Lucas, J. et al. Short-term dynamics of north sea bacterioplankton-dissolved 694 

organic matter coherence on molecular level. Front. Microbiol. 7, 1–14 695 

(2016). 696 

52. Brinkhoff, T., Giebel, H. & Simon, M. Diversity, ecology, and genomics of 697 

the Roseobacter clade: a short overview. Arch Microbiol 189, 531–539 698 

(2008). 699 

53. Brown, M. et al. Global biogeography or SAR11 marine bacteria. Molecular 700 

Systems Biology.  8, 1-13 (2012). 701 

54   Apprill A. et al. Minor revision to V4 region SSU rRNA 806R gene primer 702 

greatly increases detection of SAR11 bacterioplankton. Aquat Microb Ecol 75, 703 

129-137 (2015). 704 



26 
 

55. Terrado, R. et al. Small phytoplankton in Arctic seas : vulnerability to climate 705 

change. Biodiversity 14, 2–18 (2012). 706 

56. Leaky, R. Effect of Ocean Acidification on Arctic Surface Ocean Biology, 707 

Biogeochemistry and Climate. 1-310. 708 

https://www.bodc.ac.uk/resources/inventories/cruise_inventory/reports/jr271.p709 

df (2012). 710 

57. Donlon, C. J. et al. The Operational Sea Surface Temperature and Sea Ice 711 

Analysis (OSTIA) system. Remote Sens. Environ. 116, 140–158 (2012). 712 

58. Kirkwood, D. S. Nutrients: a practical note on their determination in seawater. 713 

in ICES (1996). 714 

59. Flaviani, F. et al. A pelagic microbiome (Viruses to protists) from a small cup 715 

of seawater. Viruses 9, (2017). 716 

60. Flaviani, F. et al. Distinct Oceanic Microbiomes From Viruses to Protists 717 

Located Near the Antarctic Circumpolar Current. Front. Microbiol. 9, 1474 718 

(2018). 719 

61. Field, D., Tiwari, B., Booth, T., Houten, S., Swan, D., Bertrand, N. and 720 

Thurston, M. Open Software for biologists: from famine to feast. Nat. 721 

Biotechnol. 24, 801–803 (2006). 722 

62. Andrews, S. FastQC: A quality control tool for high throughput sequence data. 723 

http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (2014) 724 

63. Marcel, M. Cutadapt removes adapter sequences from high-throughput 725 

sequencing reads. EMBnet.journal. 17, 10-12 (2011). 726 

64. Zhang, J., Kobert, K., Flouri, T. & Stamatakis, A. PEAR: A fast and accurate 727 

Illumina Paired-End reAd mergeR. Bioinformatics 30, 614–620 (2014). 728 

65. R Development Core Team. R: a language and environment for statistical 729 

computing. R Foundation for Statistical Computing, Vienna, Austria. 730 

http://www.r-project.org/ (2018). 731 

66. Mahé, F., Rognes, T., Quince, C., de Vargas, C. & Dunthorn, M. Swarm: 732 

robust and fast clustering method for amplicon-based studies. PeerJ 2, e593 733 

(2014). 734 

67. Stackebrandt, Erko. Ebers, J. Taxonomic parameters revisited: tarnished gold 735 

standards. Microbiol. today 8, 6–9 (2006). 736 

68. Caporaso, J. G. et al. QIIME allows analysis of high-throughput community 737 

sequencing data. Nat Methods 7, 335-336 (2010). 738 

69. Quast, C. et al. The SILVA ribosomal RNA gene database project: Improved 739 

data processing and web-based tools. Nucleic Acids Res. 41, 590–596 (2013). 740 



27 
 

70. Oksanen J, et al. Vegan: Community Ecology Package. R package version 741 

2.4-5. https://cran.r-project.org/web/packages/vegan/index.html (2016). 742 

71. Chao, A. & Colwell, R. K. Rarefaction and extrapolation with Hill numbers: 743 

A framework for sampling and estimation in species diversity studies. Ecol. 744 

Monogr. 84, 45–67 (2014). 745 

72. Cori, A., Ferguson, N. M., Fraser, C. & Cauchemez, S. A New Framework 746 

and Software to Estimate Time-Varying Reproduction Numbers During 747 

Epidemics. Pract. Epidemiol. 178, 1505–1512 (2013). 748 

73. Kolde, R. pheatmap: Pretty heatmaps. R package version 1.0.8. 749 

https://CRAN.R-project.org/package=pheatmap (2015) 750 

74. Amend, AS., Seifert, KA., Bruns, TD. Quantifying microbial communities 751 

with 454 pyrosequencing: does read abundance count? Mol. Ecol. 24, 5555-752 

5565 (2010). 753 

75. Lauder, A.P., Roche, A.M., Sherrill-Mix, S. et al. Comparison of placenta 754 

samples with contamination controls does not provide evidence for a distinct 755 

placenta microbiota. Microbiome 4, 29 (2016). 756 

76. Pawlowicz, R. M_Map: A mapping package for MATLAB. 757 

www.eoas.ubc.ca/~rich/map.html (2018). 758 

 759 

 760 

 761 



28 
 

Figure 1. a) Sea surface water temperature (SST) map with the locations of the stations sampled in the 762 
Norwegian Sea as part of UK Ocean Acidification research program during cruise JR271 (1st June 2012 to 2nd 763 
July 2012). Colour scale represents remotely sensed SST during the sampling period; grey shading indicates sea ice 764 
extent. Surface currents are illustrated by coloured arrows, blue- Polar Water currents, red – Atlantic Water currents. 765 
Symbols represent the assigned regional group determined from daily SST maps over a 6 month period prior to 766 
sampling; square – constant influence from Polar Waters, triangle – intermittent periods of Polar Water influence, 767 
circle – little Polar Water influence. Symbol colours represent the degree to which Polar Water influenced the site at 768 
time of sampling determined from  in situ environmental physical characteristics measured over the sampling period; 769 
blue – most highly influenced by Polar Water, green- moderately influenced, orange- little influence. Pink diamonds 770 
show stations sampled in the North Atlantic. b) Temperature/salinity plot of water properties at the deep 771 
chlorophyll maximum (10-50 m) over the sampling period. Stations separate along gradients of both temperature 772 
and salinity. Symbols and colours represent previously assigned regional groupings. c) Quantification of the extent 773 
of Polar Water influence at each station, at the deep chlorophyll maximum, expressed as percentage 774 
contributions. Polar end members were defined as featuring a salinity ≤34.530. Atlantic end members were defined as 775 
35.4, as observed at CTD08, which featured the greatest salinity. 776 

 777 

Figure 2. Regional partitioning of communities based upon dendrograms of the Bray-Curtis dissimilarity 778 
matrix of OTUs between stations. Shown are the a) entire sampled bacterial and b) eukaryotic communities, as well 779 
as each abundance fraction of the respective communities; the abundant fraction composed of OTUs representing 780 
≥1% of each community, the intermediate fraction composed of OTUs representing 0.01-1% of each community, and 781 
the rare fraction composed of OTUs representing ≤0.01% of the entire community. Stations are coloured based upon 782 
the extent of Polar Water influence determined to be present at each station as in Figure 1; orange- LI, green- MI, 783 
blue- HI.  784 

 785 

Figure 3. Regional partitioning of communities based upon dendrograms of the Bray-Curtis dissimilarity 786 
matrix between stations for a) the entire bacterial and b) entire eukaryotic community divided into 787 
representative major taxonomic groups. 1) Shown are those groups which display regional partitioning which 788 
matches the regional assignment of stations from SST map analysis. Constituent bacterial taxonomic groups displayed 789 
partitioning for which the MI station was most dissimilar to the HI stations. Eukaryotic taxonomic groups displayed 790 
contrasting partitioning and are separated into those for which the MI station was most dissimilar to the HI stations, 791 
and those where the MI station was most dissimilar to the LI stations. Taxonomic groups are ordered by dissimilarity 792 
of the MI station to the LI or HI stations from least to most dissimilar (left to right). 2) Also shown are those 793 
taxonomic groups which displayed no clear regional partitioning. Stations are coloured based upon the extent of Polar 794 
Water influence determined to be present at each station as in Figure 1; orange- LI, green- MI, blue- HI. The number 795 
of sequences comprising each taxonomic group is shown (n). 796 

 797 

Figure 4. Analysis of shared and unique bacterial and eukaryotic OTUs found within stations across the 798 
transect. 799 
Shown are the OTUs shared between stations, and those unique to stations for a) the entire sampled community, as 800 
well as b) with those OTUs represented by <10 sequences at any one station excluded for both the bacterial (left) and 801 
eukaryotic communities (right). Numbers represent the count of unique OTUs. OTU counts in station ellipses which 802 
do not overlap with any other represent the number of unique OTUs specific to that station, whereas those that do 803 
overlap represent the number of OTUs found within those stations for which ellipses overlap. Also shown is c) the 804 
number of unique OTUs shared between each pair of stations, with the number of OTUs represented by the colour 805 
scale, lighter shades indicate fewer OTUs. Stations are coloured according to the degree of Polar Water influence as 806 
in Figure 1; orange- LI, green- MI, blue- HI.  807 

 808 
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Figure 5. Heatmaps of the proportional contribution each OTU makes to the community across all stations for 809 
a) the bacterial, and b) the eukaryotic community, divided into constituent taxonomic groups. Shown is the 810 
proportional contribution each OTU makes to the community across all stations. Black represents absent OTUs that 811 
make no contribution to the community at a particular station, blue represents >0-60%, and red represents ≥60% at 812 
one station. A T10 cut off was used to reduce artefacts resulting from low sequence number. Stations are coloured 813 
according to the degree of Polar Water influence as in Figure 1; orange- LI, green- MI, blue- HI. 814 
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