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1 Global beta diversity patterns of microbial communities in the surface 

2 and deep ocean
3

4 ABSTRACT 
5

6 Aim: Dispersal and environmental gradients shape marine microbial communities, yet 

7 the relative importance of these factors across taxa with distinct sizes and dispersal 

8 capacity in different ocean layers is unknown. Here, we report a comparative analysis of 

9 surface and deep ocean microbial beta diversity and examine how these patterns are tied 

10 to oceanic distance and environmental gradients. 

11

12 Methods: Beta diversity was calculated from metabarcoding data on prokaryotic and 

13 picoeukaryotic microbes (eukaryotes between 0.2 and 3 µm) collected during the 

14 Malaspina expedition across the tropical and subtropical oceans. Mantel correlations 

15 were used to determine the relative contribution of environment and oceanic distance in 

16 driving community beta diversity.

17

18 Location: Tropical and subtropical regions of the ocean (30 °N - 40 °S).

19 Results: Mean community similarity across all marine sites for prokaryotes was 38.9% 

20 in the surface and 51.4% in the deep ocean, compared to mean similarity of 25.8% and 

21 12.1% in the surface and deep ocean, respectively, for picoeukaryotes. Higher dispersal 

22 rates and smaller body sizes of prokaryotes relative to picoeukaryotes likely contributed 

23 to the significantly higher community similarity for prokaryotes compared with 

24 picoeukaryotes. The ecological mechanisms determining the biogeography of microbes 

25 varies across depth. In the surface, the environmental differences in space were a more 

26 important factor driving microbial distribution compared with the oceanic distance 

27 between samples, defined as the shortest path between two sites avoiding land. In the 

28 deep ocean, picoeukaryote communities were slightly more structured by the oceanic 

29 distance, while prokaryotes were shaped by the combined action of oceanic distance and 

30 environmental filtering. 

31 Main conclusions: Horizontal gradients in microbial community assembly differed 

32 across ocean depths, as did mechanisms shaping them. In the deep ocean, the oceanic 
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33 distance and environment played significant roles driving microbial spatial distribution, 

34 while in the surface the influence of the environment was stronger than oceanic 

35 distance. 

36

37 Keywords: oceanography, microbial ecology, beta diversity, community, dispersal, 

38 plankton.

39 INTRODUCTION 
40

41 Marine microbes play important roles in marine food webs, carbon cycling, and climate 

42 (Azam & Malfatti, 2007; Falkowski, Barber, & Smetacek, 1998; Guidi et al., 2016). 

43 Elucidating the processes underlying spatial variations in marine microbial community 

44 composition is essential to understand the structure and function of the marine 

45 microbiome (De Vargas et al., 2015; Lima-Mendez et al., 2015; Logares et al., 2020; 

46 Sunagawa et al., 2015).

47

48 Marine microbes exhibit varying vertical and horizontal mobility (Durham et al., 2013; 

49 Villareal, Altabet, & Culver-Rymsza, 1993), but due to their small size, how the move 

50 and where is mainly determined by ocean currents (Richter et al., 2019; Sommeria-

51 Klein et al., 2021; Villarino et al., 2018). Over large spatial scales, the dispersal of 

52 microbes and the resulting connectivity, or lack thereof, between oceanic regions 

53 influence species biogeography and biodiversity (Jonsson & Watson, 2016; Villarino et 

54 al., 2018; Watson et al., 2011). However, as in terrestrial ecosystems (Condit et al., 

55 2002; Zellweger, Roth, Bugmann, & Bollmann, 2017), marine microbial beta diversity 

56 (or β diversity)–the shift in species composition among sites (Whittaker, 1960) – is not 

57 only determined by dispersal, but also by speciation, selection, and ecological drift 

58 (Grilli, 2020; Hanson, Fuhrman, Horner-Devine, & Martiny, 2012; Martiny et al., 

59 2006). Over timescales that are long compared to organism generation times, speciation 

60 enhances local diversity by adding new species to a community (Casteleyn et al., 2010), 

61 while selection retains species best adapted to local environmental conditions 

62 (Hellweger, Van Sebille, & Fredrick, 2014; Walworth, Zakem, Dunne, Collins, & 

63 Levine, 2020). Dispersal reduces compositional differences among sites (Soininen, 

64 Lennon, & Hillebrand, 2007), and ecological drift (Hubbell, 2001), or the demographic 
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65 stochasticity that creates differences among taxa, enhances beta diversity, similar to 

66 selection. These processes interact together to drive a decline in community similarity 

67 over increasing geographical distance, commonly called the distance-decay relationship 

68 (Nekola & White, 1999).

69

70 Distance-decay patterns have been previously observed for marine microbes in the 

71 surface ocean at a range of spatial scales and taxonomic resolutions using traditional 

72 geographical distance metrics, i.e., the length of a segment connecting two points 

73 (Chust, Irigoien, Chave, & Harris, 2013; Salazar et al., 2015; Zinger et al., 2011). In 

74 contrast to the surface layers of the ocean, where horizontal environmental gradients are 

75 strong, deep ocean environmental gradients are characteristically smooth (Reid, 1981), 

76 due to relatively limited mixing and advection. Weaker advection in the deep ocean 

77 likely implies weaker microbial dispersal there (Agogue, Lamy, Neal, Sogin, & Herndl, 

78 2011; Hamdan et al., 2013).

79

80 Assessment of distance-decay patterns and the relative contribution of selection, 

81 dispersal, and drift in shaping the spatial structure of the ocean microbiome remains 

82 limited and confined to the upper (Ibarbalz et al., 2019; Logares et al., 2020; Richter et 

83 al., 2019; Sunagawa et al., 2015; Villarino et al., 2018) or deep ocean (Cermeno & 

84 Falkowski, 2009; Pernice et al., 2015; Salazar et al., 2015). A few studies have 

85 compared the microbial community structure across ocean layers, however they were 

86 either restricted to a single microbial group (prokaryotes or picoeukaryotes), (Cordier et 

87 al., 2022; Giner et al., 2019; Ward, Cael, Collins, & Robert Young, 2021; Zinger et al., 

88 2011), temporally resolved but limited in space (Brown et al., 2009; Yeh & Fuhrman, 

89 2022), or interpreted primarily by considering vertical transfer of sinking particles 

90 between surface and deep ocean (Guidi et al., 2016; Mestre et al., 2018; Ruiz-González 

91 et al., 2020). 

92

93 These previous efforts suggested that the microbial horizontal diversity patterns 

94 appeared to be spatially structured by different ecological mechanisms globally in the 

95 pelagic (Logares et al., 2020) and benthic oceans (Cordier et al., 2022; Zinger et al., 

96 2011). For example, in the surface oceans, picoeukaryote communities were 

97 predominantly structured by dispersal-limitation, while prokaryotic counterparts 
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98 appeared to be shaped by the combined action of dispersal-limitation, selection and drift 

99 (Logares et al., 2020). In the deep ocean, dispersal-limitation derived from differences 

100 in physical mixing and water mass played a fundamental role in the distribution patterns 

101 of marine bacteria and eukaryotes, as benthic communities showed a higher 

102 dissimilarity with increasing distance than pelagic communities (Cordier et al., 2022; 

103 Zinger et al., 2011). Across depth, there is a remarkably low overlap in microbial 

104 composition with well-defined microbial assemblages corresponding to the sunlit and 

105 dark ocean in prokaryotes and picoeukaryotes (Brown et al., 2009; Giner et al., 2019), 

106 while Mestre et al. (2018) found a strong vertical connectivity in prokaryotes as most 

107 abundant groups in the deep ocean also present in surface waters.   However, a thorough 

108 comparison of horizontal patterns of microbial beta diversity including taxa of varying 

109 dispersal capabilities across upper and deep global ocean has yet to be conducted and 

110 can provide important insights into how microbial beta diversity is maintained in 

111 pelagic ecosystems. 

112

113 Here, we report a comparative analysis of surface and deep ocean microbial beta 

114 diversity, defined as the difference in community composition between two sites. We 

115 analyzed the relationship between microbial community beta diversity, derived from 

116 metabarcoding data on prokaryotes and picoeukaryotes sampled during the Malaspina 

117 Circumnavigation Expedition in the upper and deep ocean (Duarte, 2015), with oceanic 

118 distance and environmental differences among sites. We tested the hypothesis that there 

119 will be greater similarity among microbial communities in the surface compared to deep 

120 ocean due to stronger horizontal water transport among sites. We also expect that there 

121 will be differences in the relative contribution of environmental filtering and oceanic 

122 distance on microbial community structure between the surface and deep ocean, and 

123 between prokaryotes and picoeukaryotes, due to different dispersal abilities and body 

124 sizes of microbes. 

125

126 METHODS

127

128 Collection of biological data 
129
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130 Data on the relative abundance of various planktonic taxa were obtained from the 

131 Malaspina Expedition, which sailed the tropical and subtropical oceans in both 

132 hemispheres onboard the R/V Hespérides during December 2010 - July 2011 (Duarte, 

133 2015). In this study, we focus on two members of the microbial community in the 

134 surface (0-3m) and deep ocean (4000m): the prokaryotes (0.2-3 µm and 0.2-0.8 µm, 

135 surface and deep, respectively) and the picoeukaryotes (0.2-3 µm) (Supplementary 

136 Table 1). The microbial community datasets used in this study are based upon previous 

137 works focusing on surface picoeukaryotes and prokaryotes (Logares et al., 2020), deep 

138 prokaryotes (Salazar et al., 2015), and deep picoeukaryotes (Giner et al., 2019). We 

139 included all publicly available data, including 118 sites for surface and deep 

140 prokaryotes, 30 sites for deep prokaryotes, and 12 sites for deep picoeukaryotes (Fig. 1). 

141 The prokaryotic group includes members of archaea and bacteria, including 

142 Thaumarchaeota and Proteobacteria as well as many other groups (Ruiz‐González et al., 

143 2019; Salazar et al., 2015). The picoeukaryotes include members of marine alveolates, 

144 radiolarians, and acanthareans, for example (Giner et al., 2019; Pernice et al., 2015) 

145 (Supplementary Table 1). Plankton samples were taken at the surface and deep ocean 

146 with Niskin bottles attached to a rosette sampler. To determine the composition of 

147 prokaryotes and picoeukaryotes present, ~12 L of seawater was used. Surface water 

148 samples were pre-filtered through a 200 μm nylon mesh to remove large plankton, and 

149 then by 3 and 0.2 μm pore-size polycarbonate filters of 142 mm diameter (Isopore, 

150 Millipore). The two filters were saved, including the 0.2 μm one that includes the 0.2 to 

151 3 µm fraction, and the 3 µm one that includes the 3 to 20 µm fraction. Picoeukaryotes 

152 (Giner et al., 2019) and prokaryotes (Ruiz‐González et al., 2019) were collected from 

153 the smaller of the two filters. Deep samples were pre-filtered through a 200 μm nylon 

154 mesh to remove large plankton, and then by 20, 0.8, and 0.2 μm pore-size polycarbonate 

155 filters of 142 mm diameter (Isopore, Millipore). The two filters were saved (i.e., the 0.2 

156 µm one that includes the 0.2 to 0.8 µm fraction), and the 0.8 µm one (which includes 

157 the 0.8 to 20 µm fraction). The 0.2 to 0.8 µm fraction was used for observing free-living 

158 prokaryotes, (used in this study), and the 0.8-20 µm fraction for particle-attached 

159 prokaryotes (Salazar et al., 2015). For the deep picoeukaryotes, the 0.8-20 µm fraction 

160 was used (Pernice et al., 2015). In both the surface and deep samples, filtration time was 

161 15-20 minutes. The filters were then flash-frozen in liquid N2 and stored at -80 °C until 

162 DNA extraction. More complete details on sampling methodology are found in Giner et 

163 al. (2019) , Logares et al. (2020), Ruiz-Gonzalez et al. (2019) and Salazar et al. (2015). 
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164 See supplementary Methods for full details on the sequencing and processing of the 

165 microbial community. 

166

167 Collection of environmental data 
168

169 We analyzed variations in environmental data that have relevance to microbial 

170 community structure and microbial physiology (Giner et al., 2019; Pernice et al., 2016; 

171 Salazar et al., 2015). Vertical profiles of salinity, temperature, dissolved oxygen, Chl-a, 

172 and PAR (Photosynthetic Active Radiation) were recorded continuously at each station 

173 with a Seabird 911 CTD probe, a Seabird SBE-43 polarographic membrane oxygen 

174 sensor, a Seapoint SCF fluorometer, and a Biospherical/Licor radiometer installed in the 

175 rosette sampler. The absorption coefficient of dissolved organic matter at 254 nm was 

176 used as a proxy of total dissolved organic carbon (Catalá et al., 2015). Samples were 

177 drawn from Niskin bottles at fourteen discrete depths throughout the water column, 

178 poured directly into acid cleaned 250mL glass bottles and immediately stored in dark 

179 conditions to allow equilibration with room temperature and to avoid photobleaching 

180 (Catalá et al. 2015). Primary productivity was estimated from Niskin bottles at five 

181 discrete depths across the epipelagic layer, but here we considered data from surface 

182 (3m) only. Data on surface and deep (~4000m) phosphate, nitrate and silicate were 

183 taken from the World Ocean Atlas 

184 (https://www.nodc.noaa.gov/OC5/SELECT/woaselect/woaselect.html). We used water 

185 mass age to trace the time elapsed since the water was last in contact with the 

186 atmosphere following Catalá et al. (2015), who interpolated the global gridded mean 

187 age estimates of Khatiwala et al. (2012) to the times, locations, and depths of the 

188 samples collected during the Malaspina circumnavigation. The difference in water mass 

189 age between surface and deep ocean is related to global thermohaline circulation, which 

190 may be an important factor for microbial communities because it constrains various 

191 environmental properties. Here, for surface and deep-water samples the average age of 

192 the epipelagic layer (0-200m) and the age at the corresponding sampling depth (about 

193 4000 m) were considered, respectively. Though surface waters are relatively young 

194 compared with most deep-water samples, we found meaningful spatial variation (0-120 

195 years) in water mass age between samples in the epipelagic layer. We summarize here 

196 the set of acronyms and units of the environmental variables used. PAR: Photosynthetic 
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197 Active Radiation (μE cm-2 s-1), a254: absorption coefficient of dissolved organic matter 

198 at 254 nm (m-1), PP: Primary Productivity (mg C m-3 h-1), SiO4 (µmol L-1), PO4 (µmol 

199 L-1), NO3 (µmol L-1), Water mass age (years), T: Temperature (ºC), S: Salinity, O: 

200 Oxygen (µmol kg-1). 

201

202 Dissimilarity and distance matrices

203

204 We calculated the prokaryotic and picoeukaryotic community dissimilarity between all 

205 pairs of sites in the surface (0-3m) and deep ocean (4000m) using the Bray-Curtis 

206 dissimilarity (BC) index (Legendre & Legendre, 2012), based on the relative abundance 

207 of operational taxonomic units, or OTUs: 

208

209   (1)𝐵𝐶𝑖𝑗 = 1 ― 2𝐶𝑖𝑗
𝑆𝑖 + 𝑆𝑗

210

211 where i and j are the sites, Cij is the sum of the lesser values for only those OTU counts 

212 in common between both sites, and Si and Sj are the total number of individuals counted 

213 at both sites. The Bray-Curtis index is a well-accepted and commonly used metric to 

214 analyze spatial patterns of biodiversity, or beta diversity (Legendre & Legendre, 2012).  

215 It is sensitive to differences in abundance between species, and abundant species are 

216 weighted more than rare species. A dissimilarity value of 1 indicates that the two sites 

217 have no OTU in common, while a value 0 indicates the two sites have identical 

218 communities. In the text and Figures 2 and 4, we refer to “similarity”, which is 1 ― 𝐵𝐶𝑖𝑗
219 . In the case of similarity, a value of 1 indicates the communities are identical, and a 

220 value of 0 indicates they have no OTU in common. When we compare environmental 

221 and ocean distances to community structure, we used dissimilarity, as recommended by 

222 Legendre et al. (2012).

223

224 The oceanic distance matrix was calculated as the shortest oceanic path between two 

225 sampling sites (km) avoiding land. To do so, we used the marmap (Pante & Simon-

226 Bouhet, 2013) package in R. We recognize that the oceanic distance is not the same as 

227 the advection distance i.e. physical transport of cells by ocean currents (Wilkins, Van 
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228 Sebille, Rintoul, Lauro, & Cavicchioli, 2013). However, the oceanic distance can be 

229 considered a proxy of the organism dispersal. 

230

231 Temperature, salinity, dissolved oxygen, primary productivity, PAR, water mass age, 

232 a254, SiO4, PO4, and NO3 were used to build the environmental difference matrix 

233 (Chust et al., 2013; Legendre & Legendre, 2012; Martiny et al., 2006). Each variable 

234 was scaled individually to have a mean of 0 and a variance of 1. Then, we calculated the 

235 environmental differences  in n environmental parameters (p) between two sites (𝐸𝐷𝑖,𝑗)
236 (i and j) using the Euclidean distance:

237

238   (2)𝐸𝐷𝑖,𝑗 = ∑𝑛
𝑝 = 1(𝑋𝑖,𝑝 ―   𝑋𝑗,𝑝)2

239

240 High environmental distance between two sites means that the oceanic environment is 

241 more different than if the environmental distance is low. However, it is possible to have 

242 equivalent environmental distance because of changes across different variables. 

243 Moreover, not all the variables are necessarily independent of one another. These 

244 environmental variables were chosen because they have previously been shown to be 

245 important for determining microbial community beta diversity patterns (Villarino et al., 

246 2018). Though simple,  is a relatively useful metric that allows us to quantify 𝐸𝐷𝑖,𝑗

247 environmental distance incorporating many variables across strongly contrasting sites 

248 (Chust et al., 2013; Legendre & Legendre, 2012; Martiny et al., 2006). 

249

250 We used a nonparametric Wilcoxon signed-rank test (Bauer, 1972) to determine 

251 whether there is a statistical difference in community similarities between two paired 

252 groups of samples. We compared community similarities of microbes across depth and 

253 across groups. We tested the null hypothesis (H0) that the dissimilarity of the two 

254 populations is distributed equally versus the alternative hypothesis (H1) where the 

255 distribution of dissimilarities in one of the populations is shifted to the left or right of 

256 the other. 

257

258 Sample selection schemes 

259
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260 To consider possible biases due to different sampling effort across the datasets, we 

261 undertook three sets of analysis: a) “all sites”, including data on all available sites for 

262 prokaryotes and picoeukaryotes, b) “group subset”, with data sampled similarly in 

263 space, done by selecting the same or the closer sites across the groups in surface and 

264 deep ocean (118 vs. 118 sites in the surface, 12 vs. 12 sites in the deep) and c) “layer 

265 subset”, including only sites matching the surface and deep ocean for prokaryotes (27 

266 sites) and picoeukaryotes (12 sites) (Supplementary Fig. 1 a-b). In the main text, we 

267 present results for “all-sites” and the “subsets” in Table 1a-b, so that community 

268 similarity comparison across the biological groups and ocean layers are coherent. In the 

269 Supplementary Material, we include complementary analysis on Mantel correlations 

270 driving beta diversity and distance-decay analysis done on these subsets of data. No 

271 meaningful differences between the subsets and all available data analysis were found, 

272 but we present these data to increase confidence that the results are not dependent upon 

273 the sampling scheme. 

274

275 RESULTS
276

277 Horizontal community similarity in the surface and deep ocean

278

279 Community similarity across all sites was significantly higher for prokaryotes in the 

280 surface and deep ocean (38.9% and 51.4% respectively), compared to picoeukaryotes 

281 (25.8% and 12.1% respectively; Wilcoxon signed-rank test, p < 0.001, Fig. 2, Table 1a-

282 b). The same pattern was observed in the “group subset” analysis including a subset of 

283 data sampled similarly in space (Wilcoxon signed-rank test, p < 0.001, Supplementary 

284 Fig. 2a and Table 1a-b). For picoeukaryotes, the horizontal community similarity across 

285 pairs of sites was significantly higher in the surface compared to the deep ocean, both 

286 including all sites (Wilcoxon signed-rank test, p <0.001, Fig. 2, Table 1a-b) and 

287 including only sites matching the surface and deep ocean in the “layer subset” analysis 

288 (Wilcoxon signed-rank test, p <0.001, Supplementary Fig. 2b, Table 1a-b). In contrast, 

289 for prokaryotes, community similarities were significantly higher in the deep ocean 

290 compared to surface, including all sites and the “layer subset” analysis (Wilcoxon 

291 signed-rank test, p > 0.05, Fig. 2, Supplementary Fig. 2b, and Table 1a-b). 
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292 We also asked whether the community similarity within ocean basins differed from the 

293 similarity between basins. To do so, we calculated the community similarity within the 

294 Pacific, Atlantic, and Indian Oceans, using samples from just those Oceans 

295 (Supplementary Fig. 3a-b-c, Supplementary Fig. 4a-b). We then compared the 

296 community similarity across ocean basins using an ANOSIM test (see Supplementary 

297 Methods).  The ANOSIM test revealed significantly higher similarities within than 

298 between basins, in both prokaryotes and picoeukaryotes in the surface and deep oceans 

299 when we included all sites (Supplementary Table 2, Supplementary Fig. 3a-b-c). 

300 Differences in community composition were higher in the deep ocean compared to 

301 surface, both including all observations and in the “layer subset” analysis, however in 

302 the latter differences were not statistically significant (Supplementary Table 2, 

303 Supplementary Fig 3a-b-c).

304

305 Relative contribution of environment and oceanic distance to horizontal community 
306 structure  
307

308 For prokaryotes, we found that community composition changes due to environmental 

309 differences across sites (indicated by Mantel r correlations in Fig. 3) were consistently 

310 greater in the surface compared to the deep ocean. The most important and significant 

311 individual variables structuring surface prokaryote communities were oxygen 

312 concentration, followed by temperature and nutrient concentration (PO4, and NO3; Fig. 

313 3, Supplementary Fig. 5). The same set of environmental variables shaped the spatial 

314 distribution of surface picoeukaryotes, together with the absorption coefficient of 

315 dissolved organic matter at 254 nm. In the deep ocean, the relative importance of the 

316 environmental variables was lower compared to surface and only water mass age 

317 appeared to be an important factor limiting the spatial distribution of prokaryote 

318 communities, and oxygen concentration in picoeukaryotes (Fig. 3, Supplementary Fig. 

319 5). Both dissolved oxygen and water mass age showed larger horizontal gradients and 

320 greater variability in the deep ocean compared to surface (Supplementary Fig. 6). POC 

321 flux to the ocean floor is often linked to surface productivity (Yasuhara et al., 2012). 

322 Therefore, we correlated surface primary productivity, estimated during the Malaspina 

323 expedition (Duarte, 2015), with microbial community changes in the deep, instead of 

324 using estimates of POC flux derived from a model (Lutz, Caldeira, Dunbar, & 
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325 Behrenfeld, 2007). None of the Mantel correlations between surface primary 

326 productivity and deep ocean microbial beta diversity appears to be important driving 

327 biogeography of deep ocean microbes (Supplementary Fig. 7b Prokaryotes Mantel r = 

328 0.02, p = 0.39, Picoeukaryotes Mantel r = 0.05 p = 0.37). Overall, a combination of 

329 temperature, salinity, oxygen, PO4, NO3, SiO4, and water mass age showed the highest 

330 average Mantel correlation within the models tested (Mantel r = 0.258; Table 2). We 

331 kept the same set of environmental variables to define the microbial environmental 

332 niche across the layers. The high correlations between the environmental variables in 

333 the deep ocean are not surprising as the oldest waters are those in the Pacific, which 

334 have lower salinity and oxygen and more nutrients (Supplementary Fig. 8). 

335

336 Microbial community composition changes were also correlated with the oceanic 

337 distance between pairs of sites, which we used to evaluate the influence of dispersal. In 

338 the surface, the oceanic distance explained a lower amount of variation in prokaryotes 

339 and picoeukaryotes community composition compared to the environmental spatial 

340 differences across sites (Table 3a, Fig. 3). In contrast, in the deep ocean, the oceanic 

341 distance was a slightly stronger driver of community composition relative to 

342 environmental conditions (Table 3a, Fig. 3). Partial Mantel tests were also used to 

343 determine the relative contribution of oceanic and environmental distance accounting 

344 for community similarity after controlling for the effect of each factor. Partial Mantel 

345 correlations between deep sample dissimilarities and environment were not significant 

346 for either of the biological groups when the influence of oceanic distance was 

347 considered (Table 3b), meaning a high shared covariation between environmental and 

348 ocean distance. In the surface, correlations between prokaryotic community 

349 composition and oceanic distance were not significant when the influence of the 

350 environment was considered (Table 3b). The portion of the variance explaining patterns 

351 of prokaryote and picoeukaryotes community composition slightly increased when 

352 accounting for the joint contribution of oceanic and environmental distance (Table 3c). 

353

354 Community similarity decay over oceanic and environmental distance 
355

356 Prokaryote and picoeukaryote horizontal community similarity decreased with 

357 increasing oceanic distance in both groups in the surface and deep ocean, showing 
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358 significant distance-decay patterns (Fig. 4a). Similarly, horizontal community similarity 

359 also decreased significantly with increasing environmental gradients in both prokaryotes 

360 and picoeukaryotes in the surface and deep ocean (Fig. 4b).  

361

362 To address the difference in data density across the datasets, we complemented the 

363 analysis with (i) data sampled similarly in space “group subset’, done by selecting the 

364 same or the closer sites across the groups in surface and deep ocean, and with (ii) data 

365 including only sites matching the surface and deep ocean “layer subset” (See “Sample 

366 selection schemes” section in methods). The results using the subsampled data are 

367 consistent with the results including all sites (Table 1a, Supplementary Table 3 and 4, 

368 Supplementary Fig. 2, 7a-b and 9a-b-c-d) as seen in the negative trends in distance-

369 decay patterns in both analyses. The differences in the significance of the regressions 

370 are likely to be related to the decrease in sample size from “all data” to the “subsets”.  

371 DISCUSSION 
372

373 Ocean currents are generally - though not always - stronger in the surface than in the 

374 deep ocean (Reid, 1981). This implies that microbial dispersal should be higher in the 

375 surface than in the ocean interior (Giner et al., 2019). On the other hand, the stronger 

376 environmental heterogeneity in the surface relative to the deep ocean can enhance 

377 community turnover due to niche effects. Our results showed that for picoeukaryotes, 

378 horizontal community similarity across pairs of sites is greater in the surface than at 

379 depth (Table 1a-b, Fig. 2), consistent with previous findings (Cordier et al., 2022). The 

380 effect of dispersal limitation on the spatial distribution of deep picoeukaryotes appears 

381 to be particularly strong, resulting in deep ocean communities that were more different 

382 to one another, over comparable distance to those on the surface (Fig. 3). Thus, we 

383 speculate that the greater degree of dispersal of picoeukaryotes in the surface compared 

384 to the deep ocean may underpin the observed depth differences in horizontal community 

385 similarity between the surface and deep ocean. 

386

387 In contrast, we found that the prokaryote community similarity between pairs of sites 

388 was greater in the deep ocean compared to surface (Fig. 2). Despite the high dispersal 

389 capacity of prokaryotes, the strong environmental gradient observed in the surface 

390 seems to be driving stronger beta diversity compared to the deep ocean (Fig. 3), where 
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391 hydrodynamic activity is lower but environmental conditions are characteristically 

392 smooth (Reid, 1981). Hence, global dispersal potential for prokaryotes and subsequent 

393 environmental selection may represent a mechanism for driving patterns of microbial 

394 biogeography in the surface, in agreement with previous efforts at similar scales 

395 (Righetti et al., 2019; Sunagawa et al., 2015). Horizontal community similarity was 

396 generally higher in prokaryotes than in picoeukaryotes (Fig. 2). While the mechanisms 

397 that underly this contrast are uncertain, we suggest that the contrast could be driven by a 

398 suite of ecological mechanisms acting in concert, including differences in body and 

399 population sizes, dispersal capacity, and evolution strategies between prokaryotes and 

400 picoeukaryotes. Prokaryotes, due to their small body size and huge population sizes (De 

401 Bie et al., 2012; Peters, 1986), have high rates and distances of dispersal (Villarino et 

402 al., 2018) which reduces compositional differences between sites (Soininen et al., 2007), 

403 but also appear to be more sensitive to surface environmental changes (Fig. 2, Fig. 3). 

404 Picoeukaryotes are slightly larger, less abundant, and have typically more restricted 

405 ranges as they do not disperse as far or as quickly (De Bie et al., 2012; Villarino et al., 

406 2018). In essence, our results show that prokaryotes, disperse widely both in the upper 

407 and deep ocean, such that horizontal similarity is high across depths (Fig. 3). Our results 

408 support the size-dispersal hypothesis which predicts that smaller organisms are more 

409 likely affected by species sorting than dispersal limitation, because smaller organisms 

410 can disperse almost everywhere (Cottenie, 2005) and thus their distributions strongly 

411 reflect environmental effects (Farjalla et al., 2012). In contrast, larger sized 

412 picoeukaryotes may have weaker dispersal, and depth contrasts in horizontal 

413 community similarity (Fig 2). The analysis on deep picoeukaryotes, however, was 

414 limited to relatively few sites and therefore we have to be cautious when interpreting the 

415 beta diversity patterns observed. 

416

417 Other than size, the observed lower similarities of picoeukaryotes relative to 

418 prokaryotes could be associated with their greater diversity (Supplementary Table 1). 

419 Global-scale marine microbiome surveys such as TARA have shown that eukaryotic 

420 plankton are taxonomically and ecologically diverse, possibly even more so than 

421 prokaryotic plankton (De Vargas et al., 2015). Picoeukaryotes include many 

422 photosynthetic groups that, as primary producers, might be more variable in abundance 

423 due to light and nutrients conditions and grazing and sinking dynamics (Agusti et al., 

424 2015; Boeuf et al., 2019). The increased beta diversity in picoeukaryotes compared to 
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425 prokaryotes could also be explained by the relatively more stable abundances of 

426 prokaryotes (Caporaso, Paszkiewicz, Field, Knight, & Gilbert, 2012; Yeh & Fuhrman, 

427 2022), which include numerous heterotrophic lineages, for example the widely 

428 distributed SAR11 (Giovannoni, 2017). The observed differences in horizontal 

429 community similarity between picoeukaryotes and prokaryotes are intriguing and may 

430 result from the factors that we have discussed here, but further studies of the 

431 mechanisms underlying this divergence should be conducted. On the other hand, the 

432 depth contrast in picoeukaryote beta diversity found here is supported by Giner et al. 

433 (2019), where most photosynthetic groups (e.g., Pelagophyceae, green algae) were 

434 shown to decline in abundance with depth. In the same study, Giner et al., using the 

435 rRNA: rDNA ratio as a proxy of metabolic activity, found a lower fraction of 

436 metabolically active picoeukaryotes cells in bathypelagic waters compared to surface. 

437 This may imply that inactive taxa contribute more importantly to the beta diversity in 

438 deep waters as compared to surface, although it is assumed that dead cells should not 

439 accumulate in large abundance in environmental samples. The information presently 

440 available is still too scarce to draw conclusions. Future studies associating microbial 

441 identity with concurrent metabolic state would also help to understand the relationship 

442 between microbial community structure and their ecosystems functions.

443

444 For surface prokaryotes, and to a lesser extent deep picoeukaryotes, the similarity 

445 distributions (Fig. 2) are bimodal, while this is not the case for picoeukaryotes. When 

446 looking within ocean basins and hemispheres (Supplementary Fig. 4a), surface 

447 prokaryotes also exhibit a bimodal similarity distribution. We speculate that the 

448 bimodality may arise because prokaryotic communities are similar within large marine 

449 biomes (high similarity), but very different from communities in other biomes (low 

450 similarity). This could give rise to the bimodal distribution in the surface and explain 

451 why it does not appear in the deep. Distributions of picoeukaryotes, which disperse less 

452 readily, might not exhibit the bimodality, and instead have a smoother change in 

453 community structure over space (Supplementary Fig. 4a-b). 

454

455 Overall, our findings revealed that patterns of microbial community similarity are 

456 sensitive to changes in environmental conditions, as expected from the ecological niche 

457 theory, which states that the environmental factors filter ecological communities 

458 (Leibold et al., 2004), but this sensitivity appears to differ between the surface and deep 
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459 ocean and between prokaryote and picoeukaryote communities (Fig. 3, Fig. 4a-b). 

460 Though the sampling conducted on the Malaspina cruise was restricted to tropical and 

461 subtropical regions, the environmental and ecological gradients observed are large 

462 enough to derive the spatial distribution patterns found (i.e., surface temperature = 15.7-

463 29.3 °C, mean = 24.5 °C and standard deviation = 3.2 °C; depth temperature = 0.5-2.1 

464 °C, mean = 1.4 °C and standard deviation = 0.5 °C, Supplementary Fig. 6). 

465 Temperature, oxygen, and phosphate were the strongest environmental factors 

466 structuring the sunlit microbiome, in agreement with previous global assessments 

467 (Righetti et al., 2019; Sunagawa et al., 2015). In the deep ocean, we found that 

468 dissolved oxygen was the most important driver of picoeukaryote beta diversity (Fig. 3). 

469 Contrasting oxygen conditions among ocean basins selecting for different marine 

470 communities have been described before for deep ocean microbes globally (Giner et al., 

471 2019; Salazar et al., 2015). Water-mass age in the deep ocean explained a high portion 

472 of the prokaryote spatial patterns. The deep ocean holds a combination of water masses 

473 of contrasting origin, age (time elapsed since last in contact with the atmosphere) and 

474 ageing (time-integrated microbial respiration), which are related to global thermohaline 

475 circulation (Catalá et al. 2015). Several studies have pointed to differences in the 

476 biogeographical distribution of the major groups of planktonic Archaea (Teira, Lebaron, 

477 Van Aken, & Herndl, 2006) and bacteria (Giovannoni, 2017), which suggest that 

478 distinct water masses may harbour distinct prokaryotic communities. In contrast, surface 

479 waters show limited spatial variability in water mass age (Catalá et al. 2015). 

480

481 The taxonomic diversity approach taken in this study should be complemented with 

482 other biodiversity facets, including functional, phylogenetic or the diversity of biotic 

483 interactions (Louca, Parfrey, & Doebeli, 2016). Here, we focused on spatial variation in 

484 the entire assemblage, but we did not consider the different responses of each individual 

485 microbe to environmental variations. In fact, selection exerted by an environmental 

486 variable drive species association networks (Lima-Mendez et al., 2015; Logares et al., 

487 2020; Sommeria-Klein et al., 2021) increasing community similarity in regions with 

488 similar environments. However, the observed higher sensitivity of surface prokaryotes 

489 to the environment relative to picoeukaryotes found in our study are consistent with the 

490 biotic interaction aware analysis using TARA and Malaspina data by Logares et al. 

491 (2020). 

492
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493 To further constrain the importance of oceanic distance and dispersal limitation, we 

494 compared differences in community composition within and between the Atlantic, 

495 Pacific, and Indian oceans (Supplementary Table 2, Supplementary Fig. 3a-b-c). If 

496 dispersal limitation increases with geographic distance (Nekola & White, 1999), 

497 community similarities should progressively increase from regional to global datasets. It 

498 appears that the microbial communities in the deep ocean are, to some extent, more 

499 structured across basin compared to surface (Supplementary Table 2, Supplementary 

500 Fig. 3a-b-c), partially supporting our hypothesis that lower water mixing in the deep 

501 ocean is driving higher beta diversity in microbes. This finding also reinforces the key 

502 role of transport by oceanic currents shaping microbial biogeography, in particular by 

503 extending the distribution of taxa within basins and constraining long distance dispersal 

504 between basins (Sommeria-Klein et al., 2021; Sunagawa et al., 2015). 

505

506 In this study, we showed that micro-organism exhibit biogeographical patterns as do 

507 larger organism (Martiny et al., 2006), and such patterns seem to be governed by similar 

508 underlying ecological determinants including present day environmental conditions as 

509 well as historical contingencies and dispersal limitation (Fig. 3, Fig. 4a-b). In the deep 

510 ocean, distance-decay patterns in benthic macrofauna have been found to be primarily 

511 determined by strong environmental gradients in temperature, POC and oxygen,  

512 however, dispersal limitation has also been found to be key in the community makeup 

513 (Jöst et al., 2019; McClain & Rex, 2015). The larger dispersal distances of microbes 

514 relative to bigger taxa may underpin the weaker associations with temperature and POC 

515 observed in deep microbial distribution (Fig. 3).  In the upper ocean, in line with the 

516 observed microbial spatial patterns, environmental conditions, particularly temperature, 

517 are also strong correlates of coastal fish beta diversity in the Mediterranean Sea (Hattab 

518 et al., 2015). 

519

520 In summary, we found distinct patterns beta diversity of marine microbes depending on 

521 the group and depth of the ocean. The higher horizontal community similarity of 

522 picoeukaryotes in the surface compared to the deep ocean may be driven by strong 

523 surface oceanic currents. In contrast, the similar horizontal community similarity of 

524 marine prokaryotes at the surface and in the deep could be caused by their extremely 

525 high dispersal. Our results show that in the surface ocean, the environment filters the 
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526 prokaryotic communities to a greater extent than picoeukaryote communities. On the 

527 other hand, dispersal limitation, alongside with niche specialization, drive the 

528 biogeography of deep ocean microbial communities. Overall, these findings expand 

529 current understanding of the ecological mechanisms underlying distributional patterns 

530 of marine microbial diversity in the global ocean.   

531 DATA AVAILABILITY

532

533 DNA sequences for surface prokaryotes are publicly available at the European 

534 Nucleotide Archive (http://www.ebi.ac.uk/ena; accession number PRJEB25224 [16S 

535 rRNA genes]), for deep prokaryotes at the NCBI Sequence Read Archive 

536 (http://www.ncbi.nlm.nih.gov/Traces/sra) under accession ID SRP031469, and for 

537 surface and deep picoeukaryotes at the European Nucleotide Archive with Accession 

538 number PRJEB23771 (http://www.ebi.ac.uk/ena). Environmental data used in this study 

539 is available at https://github.com/ramalok/malaspina.surface.metabacoding, Giner et al. 

540 (2019) and Salazar et al. (2015).  
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TABLES

Table 1. (a) Community similarity values (min, max, mean, median) across paired sites. 

(b) Non-parametric Wilcoxon sign rank test comparing community similarities of 

microbes across depth and across group. We tested the null hypothesis (Ho) that the 

similarity of the two populations are distributed equally versus the alternative 

hypothesis (H1) where the distribution of similarities in one population is shifted to the 

left or right of the other. The The p value of the test is calculated at 95% confidence 

interval. Comparison across groups and layer was made using the subset data: “All 

sites” includes data on all available sites for prokaryotes and picoeukaryotes in the 

surface and deep ocean; “Group subset” includes data sampled similarly in space, done 

by selecting the same or the closer sites across the groups in surface and deep ocean; 

“Layer subset” includes only sites matching the surface and deep ocean for prokaryotes. 

(*) cases with a reduction in sample size (number of stations) due to the subsets.

a)

Community similarityGroup Depth Number 
of sites Min. Median Mean Max.

 Analysis

Surface 118 0.003 0.264 0.258 0.646Picoeukaryotes
Deep 12 0.002 0.076 0.121 0.727

Surface 118 0.035 0.357 0.389 0.809Prokaryotes
Deep 30 0.187 0.534 0.514 0.794

All sites

Surface 118 0.003 0.264 0.258 0.646Picoeukaryotes
Deep 12 0.002 0.076 0.121 0.727

Surface 118 0.035 0.357 0.389 0.809Prokaryotes
Deep* 12 0.187 0.480 0.458 0.775

Group subset

Surface* 12 0.042 0.267 0.260 0.434Picoeukaryotes
Deep 12 0.002 0.076 0.121 0.727

Surface* 27 0.075 0.440 0.438 0.773Prokaryotes
Deep* 27 0.187 0.533 0.514 0.794

Layer subset

b)
Community similarity Number of 

sites
Number of 

dissimilarity 
pairs

V p

Deep vs Surface 
Prokaryotes 

27 351 42052 <0.001

Across depth Deep vs Surface 
Picoeukaryotes 

12 66 247 <0.001

Surface Prokaryotes 
vs Picoeukaryotes 

118 6903 20977945 <0.001

Across groups Deep Prokaryotes vs 
Picoeukaryotes 

12 66 2182 <0.001
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Table 2. Mantel correlations between environmental variables and community 

dissimilarity, as measured by the Bray-Curtis index, for prokaryotes and 

picoeukaryotes. Key environmental variables are selected using Mantel tests. We select 

the model with higher mantel r correlations between community dissimilarity and the 

Euclidean distances of scaled environmental variables (* indicates p < 0.05). The 

analysis includes all available sites. n: the number of sites, which varies according to the 

group and layer analysed (See Fig. 1). 

Picoeukaryotes Prokaryotes
Environmental variables

Surface

(n=118)

Deep

(n=12)

Surface

(n=118)

Deep

(n=30)

Mean Mantel r 
correlation

T+S+O+PO4+SiO4+NO3+Water age 0.215* 0.257* 0.412* 0.148* 0.258
T+S+O+ PO4+SiO4+NO3 0.233* 0.222 0.441* 0.104 0.250
T+S+O+PO4 0.240* 0.206 0.454* 0.117 0.254
T+S+O+SiO4 0.216* 0.208 0.386* 0.115 0.231
T+S+O+ NO3 0.219* 0.203 0.445* 0.119 0.246
T+S+O 0.205* 0.188 0.395* 0.129 0.229
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Table 3. (a) Mantel correlations, (b) Partial Mantel correlations and (c) Multiple 

Regression on distance Matrices (MRM) between microbial community dissimilarity, 

oceanic distance, and environmental distance. Mantel partial correlations are calculated 

after controlling for the effects of oceanic and environmental distance. The statistical 

significance of the Mantel is assessed using 9999 random permutations. MRM involves 

a multiple regression analysis of a response matrix (community dissimilarity) on any 

number of explanatory variables (in this case, environmental and oceanic distance), 

where each matrix contains distance or dissimilarities between all pair-wise 

combination of n objects. The test of statistical significance is performed by 

permutations (* indicates p <  0.05). 
(a)

Dissimilarity vs 
Oceanic distance

Dissimilarity vs 
Environmental 

distance
Biological 

group
 Depth Number of sites

Mantel r p Mantel r p 
Surface 118 0.127* <0.001 0.215* <0.001Picoeukaryotes
Deep 12 0.341* 0.004 0.257* 0.028

Surface 118 0.082* <0.001 0.412* <0.001Prokaryotes
Deep 30 0.177* <0.001 0.148* 0.031

(b)

Dissimilarity vs 
Oceanic distance 

(control 
environment)

Dissimilarity vs 
Environmental distance 

(control oceanic distance)
Biological 

group
Depth Number of sites

Partial 
Mantel r

p Partial 
Mantel r

p

Surface 118 0.077* <0.001 0.191* 0.001Picoeukaryotes
Deep 12 0.280* 0.017 0.160 0.117

Surface 118 -0.024 0.889 0.406* <0.001Prokaryotes
Deep 30 0.117* 0.028 0.063 0.246

(c)

MRM (Oceanic distance + 
Environment)

Biological group Depth Number of sites

MRM r p
Surface 118 0.228* 0.001Picoeukaryotes
Deep 12 0.373* 0.011

Surface 118 0.413* 0.001Prokaryotes
Deep 30 0.188* 0.046
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FIGURE CAPTIONS

Fig 1. Map showing the Malaspina sites for picoeukaryotes and prokaryotes in the 

surface and deep ocean. N indicates the number of sites. 

Fig 2 Frequency of microbial horizontal community similarity values between pairs of 

sites in surface and deep ocean for picoeukaryotes and prokaryotes (bars). The y-axis 

indicates the relative proportion of the total for each bar. The x-axis indicates the 

community similarity values. A similarity value of 0 indicates that the two sites share no 

OTU in common, while a value 1 indicates the two sites have identical communities. 

The smooth line indicates the kernel density estimate of the distribution.

Fig 3. Mantel correlations of prokaryotes and picoeukaryote community dissimilarity 

with environmental factors. Red colours indicate positive Mantel correlation between 

community dissimilarity and environmental variables, blue colours indicate negative 

mantel correlations, and an r value of 0 (white) indicates no correlation.  * indicates p < 

0.05. PAR: Photosynthetic Active Radiation (μE cm-2 s-1), a254: absorption coefficient 

of dissolved organic matter at 254 nm (m-1), PP: Primary Productivity (mg C m-3 h-1), 

SiO4 (µmol L-1), PO4 (µmol L-1), NO3 (µmol L-1), Water age (years), T: Temperature 

(ºC), S: Salinity, O: Oxygen (µmol kg-1), Ocean dist: least cost oceanic distance 

avoiding land, Env dist: Environmental Euclidean distance.

Fig 4. Relationships between horizontal community similarity vs oceanic distance (a), 

and community similarity vs environmental distance between pairs of sites (b) in the 

surface and deep ocean for prokaryotes and picoeukaryotes. The points show the 

community similarity values for each unit of distance considering all pairs of sites. The 

relationship between community similarity and oceanic and environmental distance is 

fitted by a linear model (solid line), and the smooth shadows shows the 95% confidence 

level interval for predictions of a linear model. Regression lines are drawn on significant 

mantel correlations. A similarity value of 0 indicates that the two sites share no OTU in 

common, while a value 1 indicates the two sites have identical communities. 
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