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33 Abstract

34 Tiny ocean plankton (picoplankton) are fundamental for the functioning of the biosphere, but the
35 ecological mechanisms shaping their biogeography are partially understood. Comprehending
36 whether these microorganisms are structured by niche vs. neutral processes is highly relevant in
37 the context of global change. The ecological drivers structuring picoplankton communities differ
38 between prokaryotes and minute eukaryotes (picoeukaryotes) in the global surface ocean: while
39 prokaryotic communities are shaped by a balanced combination of dispersal, selection, and drift,
40 picoeukaryotic communities are mainly shaped by dispersal limitation. Yet, whether or not the
41 relative importance of these processes in structuring picoplankton varies as we dive into the deep
42 ocean was unknown. Here we investigate the mechanisms structuring picoplanktonic
43  communities inhabiting different ocean depths. We analyzed 451 samples from the tropical and
44  subtropical global ocean and the Mediterranean Sea covering the epi- (0-200m), meso- (200-
45 1,000m), and bathypelagic (1,000-4,000m) depth zones. We found that selection decreased with
46  depth possibly due to lower habitat heterogeneity. In turn, dispersal limitation increased with
47 depth, possibly due to dispersal barriers such as water masses and bottom topography.
48  Picoplankton B-diversity positively correlated with environmental heterogeneity and water mass
49 variability in both the open-ocean and the Mediterranean Sea. However, this relationship tended
50 to be weaker for picoeukaryotes than for prokaryotes. Community patterns were generally more
51 pronounced in the Mediterranean Sea, probably because of its substantial cross-basin
52 environmental heterogeneity and deep-water isolation. Altogether, we found that different
53 combinations of ecological mechanisms shape the biogeography of the smallest members of the
54 ocean microbiome across ocean depths.
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55 Main text
56  Introduction

57 The smallest eukaryotes and prokaryotes (picoplankton, 0.2 - 3 um) play essential roles in the
58 (global ocean: from trophic interactions (1) to biogeochemical cycles (2, 3). They account for 57%
59 (~3.8 Gt C) of the ocean’s biomass (4) and are the main contributors to the taxonomic and
60 functional diversity of the ocean (5-8). Therefore, understanding the mechanisms determining
61 their global biogeography is fundamental to predict how they will respond to environmental
62 changes. Picoplankton abundance, diversity, and composition are relatively well described across
63 ocean depths (9, 10): prokaryotes’ diversity increases with depth (8, 11), while picoeukaryotes’
64 diversity sharply decreases (12). These depth-related patterns are strongly shaped by gradients
65 in sunlight, temperature, oxygen, and nutrients (8, 11) as well as by physical barriers such as
66 water masses, currents, and fronts (13-16). However, the ecological processes underpinning
67 picoplankton biogeography are only partially understood (17, 18), specially considering different
68 ocean depth zones and geographic scales. Given that the deep ocean is the largest ecosystem
69 on our planet and harbors a massive microbial genetic diversity (19) — responsible for essential
70 global ecosystem services — understanding how these processes shape the microbiota in the
71 understudied and vast deep ocean is particularly important.

72 The biogeography of organisms are the result of four high-level ecological processes that act in
73  different proportions: selection, dispersal, ecological drift, and diversification (20). Selection is a
74  deterministic force emerging from combinations of biotic and abiotic variables that lead to
75 differences in the fitness of individuals of a species and, as a consequence, to changes in
76 ~community structure. Selection can either restrict (homogeneous selection) or promote
77  (heterogeneous selection) the divergence of communities (21). Dispersal is the movement of
78 organisms across space and their establishment in new locations, affecting local community
79 assembly by adding individuals from the regional species pool. Dispersal is considered a
80 stochastic process for small plankton as they passively drift with currents (21). Microbial dispersal
81 rates may be high (homogenizing dispersal), moderate, or low (dispersal limitation) (21),
82 depending on organism and population sizes, geographic scale, and the presence of physical
83 Dbarriers (18, 22, 23). Dispersal limitation takes place when species are not present in suitable
84 habitats because colonizers cannot reach them (24). Thus, the relative importance of dispersal
85 limitation usually increases with geographic scales (25) or barriers (22). Ecological drift (hereafter
86  drift) refers to random changes in community structure due to stochastic demographic events
87  (i.e., birth, death, immigration, and emigration) in a local community (20). Drift is a stochastic
88 process that tends to be most important for the local extinction of low-abundant microbial taxa
89  with small populations (26), especially under a low dispersal scenario (23). Finally, diversification
90 (also referred to as ‘speciation’) is the emergence of new species by evolution (20), which occurs
91 more frequently for microbes than for larger organisms due to their short generation times, high
92  mutation rates as well as horizontal gene transfer (21, 26). Yet, diversification is expected to have
93 a relatively small impact on the turnover of communities that are highly connected via dispersal
94 (27), as is the case for ocean picoplankton (22). Diversification, as measured by the evolution of
95 the rRNA gene sequence, will not be further considered here, given that its impact on measured
96 ecological processes is likely minor considering the low evolutionary rates of this marker (28).

97 A recent study — using Malaspina and TARA data — found that the relative importance of these
98 processes differs between the components of the surface ocean picoplankton community: while
99 prokaryotes are shaped by a balanced combination of dispersal, selection, and drift,
100 picoeukaryotes are mainly driven by dispersal limitation (17). However, we do not fully
101 understand whether these processes change across ocean depth zones. These zones display
102  striking differences in environmental and geographic features that may influence selection,
103 dispersal, and drift. First, environmental heterogeneity — potentially exerting heterogeneous
104 selection on microbial communities (17, 29) — is higher in the upper ocean due to stronger
105 horizontal environmental gradients (30) than in the deep ocean (31). Second, the presence of
106 aerial dispersal (32) and faster oceanic currents likely increases dispersal at the surface (33, 34),
107  while the presence of sharper geographical barriers (e.g. water masses and bottom topography)
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108 may limit microbial dispersal in the low-turbulent deep ocean (18, 35, 36). Third, smaller
109 population sizes in the deep ocean (9) may lead to reduced dispersal and increased drift (23), as
110 compared to the surface ocean (17, 34). Recently, using a subset of the Malaspina dataset, it has
111  been shown that picoplankton community assembly differed between a water layer in the surface
112 ocean (3 m) and a counterpart in the deep ocean (~4,000 m), with dispersal limitation being
113  relatively more important in the deep layer than in the surface counterpart (18).

114 In addition, we do not know whether these processes would be different in an ocean basin
115 presenting strong environmental gradients and obvious geographic barriers. In this regard, the
116  Mediterranean Sea — the largest semi-enclosed sea on Earth — is an ideal ocean model to test
117  ecological hypotheses at a smaller scale (37, 38). Although the Mediterranean Sea is connected
118 to the adjacent Atlantic Ocean through the Strait of Gibraltar, it is so in a rather restricted way
119 (39). As a consequence, the Mediterranean Sea has developed unigue oceanographic features in
120 comparison to the open ocean, such as higher temperature and salinity in deep waters as well as
121 a west-to-east gradient of decreasing nutrient concentration and increasing salinity in surface
122 waters (11, 40). Additionally, the Mediterranean Sea deep (> 1,000 m) waters are physically
123 divided by the Sicily Strait (500 m deep) into Western and Eastern basins. These features are
124 expected to influence the processes shaping picoplankton biogeography and, ultimately, be
125 reflected in its community composition (11).

126 In the last few years, it has been found that different processes shape prokaryotes and
127  picoeukaryotes in the surface ocean (17). In addition, a recent report points to differences in the
128 picoplankton biogeography between specific waters layers in the surface (3 m) and deep ocean
129 (4,000 m) (18). However, we still lacked a broad examination of the ecological processes driving
130 picoplankton community assembly and biogeography across all depth zones of the global ocean
131 that takes into account environmental heterogeneity, potential dispersal barriers, and geography.
132 Here, we addressed the previous challenge. We determined the relative importance of the
133 ecological processes structuring picoplanktonic communities inhabiting three ocean depth zones
134 at the global and basin scales: epi- (0-200 m), meso- (200-1,000 m) and bathypelagic (1,000-
135 4,000 m). We also aimed at understanding to what extent water masses, deep-sea topography as
136  well as environmental heterogeneity are potentially limiting dispersal or exerting selection on the
137  picoplanktonic communities. To do so, we used 16S and 18S rRNA gene amplicon sequence
138 variants (ASV) from both prokaryotes and picoeukaryotes collected during global and regional
139  expeditions covering the tropical and subtropical global ocean as well as the Mediterranean Sea.
140  Overall, we hypothesize that the role of heterogeneous selection will decrease with depth due to
141 a potential decrease in habitat heterogeneity, while homogeneous selection is expected to be
142 higher in the bathypelagic compared to the meso- and epipelagic. In turn, the relative importance
143  of dispersal limitation is expected to increase with depth, given the decrease in current speed in
144  deep waters, the existence of geographical barriers (e.g. fronts, deep sea topography), and the
145 absence of aerial dispersal. We also hypothesize that these patterns should be more pronounced
146  in the Mediterranean Sea due to its strong environmental gradients and constrained communities
147  exchange in deep waters.

148 Results

149 Different ecological processes shape picoplankton communities in depth zones of the
150 ocean

151 We analyzed picoplankton community composition in 451 samples across three ocean depth
152 zones: epi- (0-200 m — including the deep chlorophyll maxima, DCM), meso- (200-1,000 m), and
153  bathypelagic (1,000-4,000 m) using metabarcoding of the 16S and 18S rRNA genes (Fig. 1A and
154 Sl Appendix, Fig. S1A; see Methods for details on standard protocols). These zones display
155  contrasting environmental features across the water column (Fig. 1B and SI Appendix, Fig. S1B),
156 reflected in a depth-structured picoplankton community composition (Fig. 1C). Our data also
157 makes evident an inverted diversity pattern between the two main components of the
158  picoplankton community: while prokaryotic diversity (richness, Shannon index, and phylogenetic
159 diversity) increased with depth, picoeukaryotic diversity decreased towards the deep ocean (Fig.
160 1D and SI Appendix, Fig. S2). While the Mediterranean Sea displayed higher temperature and
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161 salinity as well as lower nutrients than the oceanic basins, particularly in the meso- and
162  bathypelagic (Fig. 1B), the diversity patterns were similar in both ocean sets. The environmental
163 features, however, were reflected in differences in picoplankton community composition (Bray-
164  Curtis Dissimilarity) between the Mediterranean Sea and the rest of the oceanic basins (Fig. 1C).
165 The Mediterranean Sea was evaluated separately from the open ocean in downstream analyses
166  to test whether the large scale patterns are reflected at the regional scale of a smaller basin with
167  strong environmental gradients and sharp geographic barriers.

168 We found differences in the biodiversity metrics (BNTI, RCgay and B-diversity partitioning S/
169 Appendix, Fig. S3 and Fig. S4) and, ultimately, in the balance between ecological processes
170  shaping picoplankton communities across depth zones of the ocean (Fig. 2A). Selection
171  explained a similar percentage of the turnover of picoeukaryotes as compared to prokaryotes in
172 the epi- (~37% vs. ~36%), meso- (~32% vs. ~31%) and bathypelagic (~32% vs. ~26%) of the
173 open ocean (Fig. 2A). Heterogeneous selection tended to increase with depth for both domains:
174  while for prokaryotes it increased from ~10% to ~19% and ~13% in the meso- and bathypelagic,
175 it increased from ~13% in the epi- to ~27% and ~31% in the meso- and bathypelagic for
176  picoeukaryotes, respectively (Fig. 2A). Accordingly, the relative importance of homogeneous
177  selection for prokaryotes decreased from ~26% in the epi- to ~13% in the bathypelagic. Similarly,
178 the relative importance of homogeneous selection for picoeukaryotes drastically decreased from
179 ~26 % in the epipelagic to ca. 0.7% in the bathypelagic (Fig. 2A). These patterns were slightly
180 different in the Mediterranean Sea when compared to the tropical and subtropical open ocean.
181  The relative weight of selection for the prokaryote community assembly was consistently higher
182  than for the picoeukaryotic counterpart in the epi- (~54% vs. ~44%), meso- (~39% vs. ~25%) and
183  bathypelagic (~32 vs. ~6%, respectively) (Fig. 2A). The proportion of heterogeneous selection for
184 prokaryotes dramatically dropped from 37% in the epipelagic to ~5% in deep waters, while the
185 role of homogeneous selection increased from the epi- (~18%) to the meso- (~34%) and
186 bathypelagic (~28%) (Fig. 2A). For picoeukaryotes, both heterogeneous and homogeneous
187 selection decreased from the epi- (33% and 10%) to the bathypelagic (6% and 0.2%,
188  respectively) (Fig. 2A).

189  Dispersal limitation was a more important driver of picoeukaryotic than prokaryotic assembly in
190 the deep zones, especially in the mesopelagic (~60% vs. ~29%), of the open ocean. We found
191 that, for picoeukaryotes, the proportion of dispersal limitation increased from ~31 % in the epi- to
192 ~60% in the meso- and to ~38% in the bathypelagic (Fig. 2A). In the Mediterranean Sea the
193 relative importance of dispersal limitation was much higher for picoeukaryotic than for prokaryotic
194 assembly in the epi- (~35% vs. ~22%), meso- (~52% vs. ~24%), and bathypelagic (~42 vs.
195 ~15%). Conversely, homogenizing dispersal had a very limited role in the structuring of the
196  microbiota in all depth zones of the open ocean (<2% for picoeukaryotes and <4% for
197  prokaryotes) and the Mediterranean Sea (<5% for picoeukaryotes and <8% for prokaryotes) (Fig.
198  2A). Drift explained a higher fraction of community turnover for prokaryotes than picoeukaryotes
199 in the meso- (~38% vs ~7%) and bathypelagic (~37% vs ~28%) of the open ocean (Fig. 2A). This
200 pattern was partially observed in the Mediterranean Sea with drift explaining a higher proportion
201  of community turnover for prokaryotes (~29%) and picoeukaryotes (~20%) in the mesopelagic
202 (Fig. 2A). While in the open ocean the percentage of turnover explained by drift increased with
203  depth for prokaryotes and decreased for picoeukaryotes (Fig. 2A), it sharply increased with depth
204 for both prokaryotes and picoeukaryotes in the Mediterranean Sea (Fig. 2A). When estimated
205 using a standardized sampling-size dataset (N=39 in each depth zone) with evenly-distributed
206 samples (SI Appendix, Fig. S5A and Fig. S6), the different ecological processes explained fairly
207  similar percentages of variability and the values were strongly linked (R? ~ 0.9, p<0.001) to those
208 found with the complete dataset (Fig. 2).

209 When globally estimated (all depths together), selection was by far the most relevant ecological
210 process shaping both prokaryotes (~67%) and picoeukaryotes (~54%) using both datasets (S/
211  Appendix, Fig. S8). Dispersal limitation also tended to play a relatively more important role
212 shaping picoeukaryotes than prokaryotes when estimated across all depth zones (SI Appendix,
213  Fig. S8). Due to the potential vertical connectivity between the surface and the deep ocean (see
214  detailed reasoning in Methods), we also estimated the ecological processes integrating all depths
215 (from 3 to 4,000 m) in each of the 13 vertical profile stations (Fig. 1A). We found that selection
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216  was consistently the most important factor vertically shaping free-living picoplankton communities
217 in the vertical profile stations, explaining ~52-81% of the prokaryotic community turnover (S/
218 Appendix, Fig. S9) and ~24-52% of the picoeukaryotic community turnover (SI Appendix, Fig.
219  S9). The role of vertical dispersal limitation ranged from 10% to 43% in prokaryotes and from 5%
220 to 43% in picoeukaryotes (SI Appendix, Fig. S9). The role of drift was greater in picoeukaryotes
221  (~15-43%) than in prokaryotes (~5-24%) across vertical profiles (SI Appendix, Fig. S9).

222 The relative importance of selection is ruled by differences in environmental heterogeneity
223  across depth zones

224 We also evaluated the abiotic drivers of selection across depth zones. Water temperature was
225 the most important environmental driver of prokaryotic community composition in the open ocean
226  (~16-18%) and the Mediterranean Sea (~18-32%) (Fig. 2B). Temperature explained a moderate
227  percentage of variance in picoeukaryotic communities inhabiting the bathypelagic (~12% in the
228 open ocean and ~18% in the Mediterranean Sea) (Fig. 2B). The percentages of variance in the
229  prokaryotic and picoeukaryotic communities explained by temperature increased from the surface
230 (~18% and ~11%, respectively) to the deep zones (~32% and ~19%, respectively) in the
231 Mediterranean Sea. Salinity explained a moderate fraction of prokaryotic (up to 16%) and
232 picoeukaryotic (up to 12 %) community variance in the Mediterranean Sea, but not in the open
233  ocean (Fig. 2B). Geography (ocean basin) could affect the structure of picoplankton communities
234 if it is associated with dispersal processes or to different selection regimes exerted in different
235 ocean basins. Geography (ocean basin) explained most of the variation in picoeukaryotes in the
236 open ocean and the Mediterranean Sea (Fig. 2B). Interestingly, the percentage of community
237  variance explained by geography in picoeukaryotes increased markedly from the surface to the
238 meso- and bathypelagic in the open ocean (Fig. 2B). In turn, geography explained a limited
239 fraction of community variance in prokaryotes.

240 Environmental heterogeneity (average pairwise dissimilarity based on temperature, salinity,
241 fluorescence, PO,*, NO;", and SiO,) was significantly higher in the epi- than in the meso- and
242  bathypelagic of the open ocean and the Mediterranean Sea (SI Appendix, Fig. S10). We found
243  that the picoplankton communities' dissimilarity increased with environmental distance in all depth
244  zones (Fig. 3). This positive relationship was always stronger in the epipelagic than in the
245  bathypelagic (Fig. 3). Prokaryotes displayed a stronger coupling with environmental distance than
246  picoeukaryotes in all depth zones of both the open ocean and the Mediterranean Sea (Fig. 3) and
247  this coupling was stronger in the Mediterranean Sea than in the open ocean across all zones
248 (Fig. 3). When globally estimated (all depth zones together), the community dissimilarity
249  correlation with environmental distance was stronger for prokaryotes than for picoeukaryotes in
250  both the open ocean (r=0.62 vs. r=0.46, p<0.001) and the Mediterranean Sea (r=0.69 vs. r=0.65,
251 p<0.001) (SI Appendix, Fig. S11). The metric used to estimate selection (BNTI) was positively
252  correlated, in prokaryotic and picoeukaryotic communities, with environmental distances in both
253 the open ocean (r=0.55 and r=0.50, p<0.001) and the Mediterranean Sea (r=0.55 and r=0.50,
254  p<0.001) (SI Appendix, Fig. S11).

255 The role of water masses and deep sea topography in modulating picoplankton assembly

256  Water masses, which were determined for the meso- and bathypelagic, were vertically structured
257  and segregated by basins in the open ocean and the Mediterranean Sea (S/ Appendix, Fig. S13).
258 We found that prokaryotic community composition (Bray-Curtis dissimilarity) was positively linked
259  with differences in water mass composition (Euclidean distances) in the meso- and bathypelagic
260 of the open ocean (r=0.2 and r=0.4, p<0.001) and the Mediterranean Sea (r=0.46 and r=0.33,
261 p<0.001) (Fig. 4). For picoeukaryotes, this coupling was generally weaker than for prokaryotes in
262  both the open ocean (r=0.14, p<0.001) and the Mediterranean Sea (r=0.49 and r=0.29, p<0.001)
263  (Fig. 4). In the Mediterranean Sea, the link between picoplankton community and water mass
264 composition was stronger in the meso- than in the bathypelagic (Fig. 4). Strong positive
265 relationships between the picoplankton community and water mass’ composition were also
266  observed within most individual vertical-profile stations, with variable slopes in each station (S/
267  Appendix, Fig. S14).
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268 In the open ocean, changes in prokaryotic and picoeukaryotic community composition (B-
269 diversity) displayed positive correlations with geographic distances (distance-decay) in four depth
270  zones (Fig. 5A) even though correlations were weaker for prokaryotes than for picoeukaryotes in
271  most of them. Prokaryotes displayed positive correlations with distances up to ~2,000 km in the
272 surface and 1,000 km in the deep ocean, while picoeukaryotes showed positive correlations up to
273  ~3,000 km in the surface and ~4,000 km in the deep ocean (Fig. 5A). For picoeukaryotes, these
274  positive correlations were stronger in the bathypelagic (Mantel r = 0.5, p<0.05) than in the surface
275 (Mantel r = 0.3, p<0.05) (Fig. 5A). Interestingly, picoeukaryotes also displayed negative
276  correlations with increasing distances up to ~ 20,000 km across the deep zones (Fig. 5A). In fact,
277  picoeukaryotes had a higher variation in the spatial autocorrelations than prokaryotes in the deep
278 ocean, especially in the bathypelagic. When evaluating these spatial autocorrelations at a
279 regional scale as in the Mediterranean Sea, we found that prokaryotes and picoeukaryotes did
280 not display such contrasting correlation scores as in the open ocean (Fig. 5A). Indeed, these two
281 domains had similar patterns of positive correlations in the first 350-850 km of the Mediterranean
282  Sea (Fig. 5A). Picoeukaryotes had higher mean sequential changes in communities (B-diversity)
283 than prokaryotes in all depth zones (Fig. 5B). Overall, sequential community change tended to
284 increase with depth in picoeukaryotes, with significant differences between the surface and the
285 meso- and bathypelagic in picoeukaryotes, but not in prokaryotes (Fig. 5B).

286  Microbial abundances and activity may also work as potential regulators of dispersal limitation
287 and drift. Here, microbial abundances — as measured by flow-cytometry — sharply decreased with
288 depth in both the open ocean and the Mediterranean Sea (S/ Appendix, Fig. S16A). Similarly,
289 prokaryotic activity — as measured by leucine incorporation rates — drastically decreased from
290 surface to deep ocean waters (SI Appendix, Fig. S16B), with statistically significant differences
291 between epipelagic (SRF and DCM) and deep zones (MES and BAT).

292 Discussion
293  Selection decreases while dispersal limitation and drift increase with depth

294  Our results support our main hypothesis, indicating that a different combination of ecological
295 processes shapes picoplankton biogeography across ocean depth zones at global and regional
296 scales (Fig. 6). Selection was the most important process shaping picoplankton in the epipelagic
297 ocean (see also SI Appendix, S| Discussion), likely as a response to a higher overall
298 environmental heterogeneity when compared to the deep ocean. In particular, microalgal blooms
299 (30, 41), magnitude of the DCM (8, 42), ocean fronts and eddies (13, 16, 43, 44), and differences
300 in physicochemical variables (Fig. 1B), altogether increase environmental heterogeneity in the
301 upper ocean (Fig. 6). In the epipelagic, the higher relative importance of heterogeneous selection
302 in the Mediterranean Sea than in the open ocean is probably linked to its environmental
303 gradients: north-south increasing temperature (45), west-east increasing salinity(45), and west-
304 east decreasing nutrient concentrations (11). This result contradicts a previous hypothesis that
305 homogeneous selection should be the most important process in all ocean basins (46). Instead,
306 the balance between ecological processes shaping picoplankton communities will change
307 depending on the analyzed environmental heterogeneity, circulation patterns, and geographic
308 scale (47-49). In our study, the overall role of selection decreased, for both domains, when
309 transiting from the epipelagic into the deep waters, where there is relatively lower environmental
310 heterogeneity in comparison to the epipelagic (SI Appendix, Fig. S10). Moreover, the coupling
311  between picoplankton community differentiation and environmental distances was stronger in the
312 epipelagic than in the deep ocean, further indicating that the relative importance of selection
313 raises with increasing environmental variability. Selection was also the most important process
314 shaping picoplankton when ecological processes were estimated with all samples of our dataset,
315 which captures environmental differences from surface to deep waters. This is another evidence
316 that selection is enhanced as environmental heterogeneity is increased. These findings are
317 coherent with ecological theory and other studies that show that high environmental
318 heterogeneity leads to higher selection (20) in terrestrial (27, 50) and aquatic ecosystems (29, 51,
319 52). Conversely, the sum of dispersal limitation and drift were overall higher in the deep than in
320 the surface ocean, suggesting that factors such as microbial abundances (i.e. low population
321 sizes) (23) and physical barriers (strongly differentiated water masses and deep-sea bathymetry)
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322 (18) play an important role in the structuring of deep ocean picoplankton communities (Fig. 6).
323  Dispersal limitation increased with depth probably because of decreasing turbulence (stable
324  water masses and slow currents) (31) and the presence of straits and seamounts (53) that work
325 as geographical barriers for microbial dispersal in the deep ocean (Fig. 6). Other studies have
326 shown how strong physical barriers can limit microbial dispersal in soils (50), sediments (27),
327  ponds (52) and, potentially, in the ocean (22).

328 Water mass composition affects the distribution of prokaryotic communities

329 Water masses may impact microbial communities in basically two ways: a) as a selective force —
330 since they have different temperatures and salinity (54, 55) as well as organic matter composition
331 (56-58) — or; b) as a physical barrier to dispersal due to sometimes strong differences in water
332 density (14). We found significant positive correlations between prokaryotic community structure
333 and water mass compositions in the open ocean, which is in line with previous studies that found
334  bacterial communities associated with specific water masses (13, 14, 56, 59). This relationship is
335 likely linked to the fact that each water mass has different types of organic matter (57, 61) that
336 likely select for different prokaryotes (56, 58). In turn, picoeukaryotes were only poorly correlated
337  with differences in water mass in the open ocean, which implies that some of them could be able
338 to swim across boundaries or that they are weakly linked to the composition of typical organic
339 matter associated with each water mass. Instead, the high dispersal limitation of picoeukaryotes
340 would be mainly regulated by their smaller population (9) as well as by their limited capability to
341 enter into dormancy when compared to prokaryotes (62). In the Mediterranean Sea, the coupling
342 between community and water mass composition was significant for both prokaryotes and
343  picoeukaryotes in the meso- and bathypelagic, which agrees with previous reports (63) and it is
344 likely linked to the strong horizontal cross-basin physical separation imposed by the Straits of
345 Sicily and Gibraltar (11). Our results also point out that differences in both prokaryotes and
346  picoeukaryotic communities are coupled with differences in water mass composition in vertical
347 profiles (SI Appendix, Fig. S14). Interestingly, the slope and strength that differences in
348 picoplankton composition was explained by differences in water masses varied among vertical
349 profile stations (SI Appendix, Fig. S14). This result indicates that local-scale events (e.g.
350 upwelling, dense water propagation) may also regulate the impact of water mass on microbial
351 communities in a vertical dimension (64—66).

352  Picoplankton communities display weaker biogeography in the surface than in the deep
353 ocean

354 Our distance-decay analysis revealed that the autocorrelation in community and geographic
355 distances is stronger in the deep than at the surface, which agrees with our sequential analysis
356 results (Fig. 5B) and suggests that there are more marked changes across space in the deep
357 ocean, particularly in the picoeukaryotic community. This result agrees with a recent study that
358 found larger eukaryotic community dissimilarity between pairs of sites in the deep than in the
359 surface global ocean (67). Such changes in community composition with increasing geographic
360 distance (that is, distance-decay) can be generated by selection and/or dispersal limitation (68).
361 For picoeukaryotes, the fact that changes in community composition were better explained by
362 geography (ocean basin) than by environmental variation (Fig. 2B) supports that the distance-
363 decay pattern in the deep sea is predominantly related to dispersal limitation (18, 67). On the
364 other hand, prokaryotic community structure was predominantly explained by environmental
365 variables rather than by geography (Fig. 2B) which indicates that, in this domain, distance-decay
366 is mostly driven by selection. It is important to notice that, since many prokaryotes may be in
367 dormant state (69), the distance-decay could have been stronger if we had analyzed measures of
368 the active prokaryotic community (using RNA) instead of measures of the total community (with
369 DNA), as previously shown for bacterial communities (69). Another important factor that could be
370 increasing the role of dispersal limitation and drift in the deep ocean is the decreasing microbial
371  population sizes from surface to deep waters. Rare species with small populations are less likely
372  to disperse (70) and more likely to randomly collapse than species with large populations (23). As
373  expected (9), microbial abundances drastically decreased towards the deep ocean so that the
374 deep ocean contains only 1% of the organisms of the surface ocean (9). Overall, the depth-
375 related patterns in ecological processes were more pronounced in the Mediterranean Sea than in
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376 the open ocean, which is partially explained by being a semi-enclosed sea, with unique
377 oceanographic features such as limited circulation, sharp geographic barriers and strong
378 environmental gradients (11, 40).

379 Differences between picoplankton members in the different depth zones

380 A different balance of ecological processes shapes prokaryotic and picoeukaryotic communities
381 in several ecosystems (34, 52, 71), including the surface ocean (17, 46). Here we found that such
382 differences between domains persist in the deep ocean. Dispersal limitation was always higher
383 for picoeukaryotes than for prokaryotes, which agrees with previous studies using similar
384 approaches conducted in Antarctic lakes (51) and in basin-scale oceanic regions (49). This
385 contrast between domains in terms of dispersal rates is partially due to organismal and
386 population size differences (34, 70, 72). Unicellular eukaryotes are on average 3 times larger
387 than prokaryotes and, therefore, would be expected to be more limited by dispersal (34, 72).
388 Picoeukaryotes (~10° cells mL™*) have populations that are about three orders of magnitude
389 smaller than prokaryotes (~10° cells mL™?), which decreases their likelihood to disperse (70).
390 Homogeneous selection was in general higher in prokaryotes than in picoeukaryotes, which is in
391 line with previous findings in the Pacific Ocean (46). This supports that environmental
392  heterogeneity can act differently on prokaryotic and picoeukaryotic assembly across depths. The
393 reason is likely due to different adaptations to the same environmental heterogeneity of
394 prokaryotes and picoeukaryotes (62). For instance, a given degree of environmental
395 heterogeneity could select for a few generalist species that have wide niches or many specialist
396 species with narrow niches or a combination of both strategies. Moreover, the relatively higher
397 homogeneous selection in prokaryotes than in picoeukaryotes suggests that dormancy could be
398 playing an important role in modulating prokaryote assembly in the deep ocean. Dormancy is
399 indeed a common mechanism in prokaryotes to overcome harsh environmental conditions (73).
400 This mechanism has been shown to affect metacommunity structure by dampening distance-
401 decay relationships and maintaining local diversity (69, 74, 75). Many prokaryotes reach the deep
402  ocean from the surface through vertical dispersal (76) or disperse as endospores from sediments
403  (77). However, DNA-based community composition data includes non-active bacterial cells (78),
404 likely in dormancy state, to survive the very different conditions of the dark and cold deep ocean
405 (77). Therefore, a relatively higher proportion of dormant bacteria can create an apparent
406 ‘homogenization’ of prokaryotic communities in deep zones. In fact, evidence exists that bacteria
407 decrease their activity towards the deep dark ocean [SI Appendix, Fig. S16] (9, 79). As far as we
408 know, dormancy has not been reported in picoeukaryotes (62), which could partially explain the
409 negligible role of homogeneous selection in the assembly of this domain in the deep ocean.
410 Finally, we found that the higher spatial turnover (sequential horizontal changes) in
411 picoeukaryotes than in prokaryotes in the surface ocean (17) is also observed in the deep ocean.
412 Furthermore, we show that this difference in spatial turnover between domains increases with
413 depth, which is coherent with dispersal limitation being an increasingly important processes
414  shaping picoeukaryotic communities in deeper ocean zones.

415  Potential picoplankton responses to multiple environmental changes across ocean depths

416 The global ocean is facing drastic changes in important environmental drivers such as
417 temperature, pH, salinity, and nutrient concentrations (80, 81), which are very likely affecting all
418 domains of life, their community structure, and interactions (82). Global climate change is also
419 driving changes in ocean currents due to shifts in wind patterns, heat balance, and freshwater
420 inflows from glacial melting (83), which may directly affect plankton dispersal rates (84). Water
421 masses have also been modified by anthropogenic changes in temperature and salinity even in
422  the deep ocean (85, 86), which may affect picoplankton community composition (13, 56, 60) by
423  changing both selection and dispersal assembly processes. Our results suggest that the
424  prokaryotic and eukaryotic components of the ocean's smallest plankton are likely to respond
425  differently to environmental change as a result of the different balance of ecological processes
426  structuring their communities. Prokaryotes seem to be relatively more sensitive to selective forces
427  than picoeukaryotes (17), so that changes in important environmental drivers (e.g. temperature,
428 organic matter composition) will have a higher potential to affect prokaryotic community
429 composition at a global scale (17, 58) than changes in dispersal drivers (e.g. currents, fronts). On
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430 the other hand, picoeukaryotic community composition at global scales would be potentially more
431 affected by changes in factors regulating horizontal and vertical dispersal processes — such as
432 current circulation (33) and thermal stratification (87) — than by environmental drivers. While here
433  we refer to the entire community, specific picoeukaryotic taxa might be strongly structured by
434  environmental drivers (88). Indeed, temperature is well-known to influence relatively more
435 heterotrophic than photosynthetic eukaryotic activity (89). For instance, cosmopolitan unicellular
436  picoeukaryotic predators (MAST-4) display clear temperature-driven niche-partitioning in the
437 ocean (90). After all, in a long timescale, no matter the dispersal rate of a given species, it will
438 eventually be selected and constrained by local abiotic and biotic factors (84). Thus, the relative
439 effect of projected changes in environmental selection and dispersal pathways on microbial
440 communities should be evaluated together.

441  Most importantly, our work suggests that the microbial communities inhabiting the deep ocean
442  are likely to respond differently to environmental changes than those living in the surface ocean.
443  This is particularly relevant in the context of increasing multiple stressors caused by climate
444  change (warming, acidification, and deoxygenation) and human exploitation activities (i.e.:
445 mining, oil and gas extraction, waste disposal) in the deep ocean (91). While upper ocean
446  picoplankton communities would be relatively more sensitive to changes in environmental
447  selective forces (e.g. temperature and nutrient concentration), deep ocean picoplankton
448 communities should be relatively more impacted by the removal or creation of dispersal
449 pathways. In this regard, projected perturbations in temperature, pH, oxygen, and nutrient
450 concentration (80) should impact relatively more the small plankton communities inhabiting the
451 upper than those in the deep ocean. Yet, changes in air fluxes and ocean currents should also
452  affect the surface picoplankton community (92), but relatively less than selective forces. On the
453 other hand, changes in dispersion vectors should be the main factor altering the balance of
454  ecological processes assembling picoplankton communities in the deep ocean. For example,
455 ocean micro- and nanoplastic pollution, a widespread environmental issue (93, 94) could
456  represent important substrates for both prokaryotes and single-cell eukaryotes colonization and
457  work as efficient dispersion vectors (95), potentially altering dispersal rates across ocean depth
458  zones. Furthermore, changes in ocean stratification patterns are reducing nutrient exchange and
459  expanding oligotrophic conditions in the upper ocean (96). Our vertical profile results suggest that
460 this increased stratification could affect not only microbial selective forces, but also dispersal
461 across depth zones. These changes can ultimately impact important ocean ecosystem services
462  such as primary productivity and nutrient cycling at a global scale (87, 97, 98).

463 A conceptual framework for the global biogeography of picoplankton across ocean depths

464  Historically, many studies have focused on the effect of selection — also referred to as niche-
465 modeling or environmental filtering — on marine microbial communities (99-101). Other studies
466 aimed to model how dispersal influences microbial biogeography in the global surface ocean (34,
467 102-104). More recently, there have been important efforts bringing together environmental
468 selection and dispersal in the ocean (18, 33, 84). Nevertheless, besides selection and dispersal,
469 picoplankton community assembly is also ruled by ecological drift (17, 29). Integrating these
470 processes into a single framework considering organism, environmental and physical differences
471 between depth zones was still missing. By combining empirical evidence, we propose a novel
472 conceptual framework that expands the current understanding of plankton community assembly
473 in environmentally distinct ocean depth zones (Fig. 6). It synthesizes how environmental
474  heterogeneity, water mass structure, deep-sea topography, microbial abundance, and activity
475 mediate the action of ecological processes assembling the two components of the smallest
476  plankton communities (Fig. 6). This framework can be used to delineate hypothesis-driven
477  studies to predict how plankton assemblages will respond across depths to multiple stressors in a
478 changing ocean (105). For instance, based on this framework, we can expect that the balance
479 between determinism (selection) and stochasticity (dispersal limitation or ecological drift) would
480 decrease with plankton size. Thus, nano- (3-20 um), micro- (20-200 um), and mesoplankton
481  (200-2,000 um) biogeography would be increasingly limited by dispersal and display more
482  marked biogeography (34, 88, 106), especially in the deep ocean (Fig. 6). We can also foresee
483 that particle-attached prokaryotes — which are particularly relevant in the deep ocean (107) —
484 should be more limited by dispersal than free-living prokaryotes. In general, the importance of
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485  dispersal limitation relative to that of selection should increase not only with organism and particle
486  sizes, as expected by the size-dispersal hypothesis (108), but also with ocean depth. Here we
487 show that this dispersal-selection balance, regulated by organism size, should be more
488 pronounced in the deep than in the upper ocean.

489 Methods
490 Dataset, sampling, and analytical methods

491 We compiled a dataset (Fig. 1) composed of 451 samples from surface (3 m depth) to deep
492  waters (up to 4,800 m), covering three depth zones of the ocean: epi- (0-200 m — including DCM),
493 meso- (200-1,000 m), and bathypelagic (1,000-4,000 m). This dataset combines samples
494  obtained during two oceanographic expeditions with similar sampling strategies: i) the Malaspina-
495 2010 circumglobal expedition (41, 109) from which we included 263 samples collected between
496 December 2010 and July 2011 in 120 stations distributed along the tropical and subtropical
497  portions (latitudes between 35° N and 40° S) of the Pacific, Atlantic, and Indian oceans (Fig. 1);
498 and ii) the HotMix trans-Mediterranean cruise (11, 61) from which we considered 188 samples
499 collected between April and May 2014 in 29 stations distributed along the whole Mediterranean
500 Sea (from -5° W to 33° E) and the adjacent Northeast Atlantic Ocean (Fig. 1A). This dataset
501 therefore allows the comparison of the tropical and subtropical ocean (samples hereafter called
502 “open ocean”) to a semi-enclosed basin such as the Mediterranean Sea, which displays unique
503 features such as higher temperature and salinity as well as lower nutrient concentration than the
504 open ocean, particularly in the meso- and bathypelagic (Fig. 1B). The Malaspina-2010 contains
505 13 stations where the whole vertical profile was sampled (VP stations in Fig. 1). A detailed
506 vertical distribution of the samples is available in the Supplementary Material (Fig. S1). Due to the
507 difference in the sampling size between depth zones, we also generated subsets with a
508 standardized number of samples (n=39) evenly-distributed across space (Fig. S7 and Fig. S8).

509 This dataset comprises a contextual database with a total of 6 standardized environmental
510 parameters (temperature, salinity, fluorescence, PO.*", NO;~, and SiO.) as well as prokaryote and
511 picoeukaryote abundances determined by flow cytometry and bacterial activity measurements.
512  Water samples were obtained with 20L (in Malaspina) or 12L (in HotMix) Niskin bottles attached
513 to a rosette sampler equipped with a conductivity—temperature—depth (CTD) profiler (except
514 surface samples in Malaspina, that were obtained with individual 30 L bottles, not attached to the
515 rosette). Vertical profiles of temperature, conductivity, and fluorescence were continuously
516 recorded throughout the water column with the CTD sensors. Conductivity measurements were
517 converted into practical salinity scale values. Inorganic nutrients (NOs, PO,*, SiO,) were
518 measured from the Niskin bottle samples with standard spectrophotometric protocols (110), using
519 a Skalar autoanalyzer SAN++, as described in (41, 57). Missing nutrient concentration values
520 were extracted from the World Ocean Database (111). Prokaryotic populations and phototrophic
521 picoeukaryotes abundances were enumerated using a FACSCalibur flow cytometer (BD
522  Biosciences, San Jose, CA, USA) as detailed elsewhere (112). Prokaryotic heterotrophic activity
523 was estimated using the centrifugation method and measuring *H-leucine incorporation (113). For
524  deep water samples we used the filtration method with a larger volume and undiluted hot leucine.
525  Significant differences in microbial abundances and bacterial activity between depth zones were
526 tested with an analysis of variance (ANOVA), followed by a Tukey post-hoc test.

527  To obtain picoplankton biomass, ~4-12 L of seawater were first pre-filtered with a 200-um net
528 mesh (to remove large organisms and particles). Malaspina samples were then sequentially
529 filtered through a 20 pm nylon mesh followed by 3-uym and 0.2-uym polycarbonate filters (47-mm
530 for surface and 142-mm diameter for vertical profiles, Isopore, Merck Millipore, Burlington, MA,
531 USA) using a peristaltic pump. HotMix samples were sequentially filtered through 47-mm 3-pm
532 policarbonate filters (Isopore, Merck Millipore) and 0.2-ym Sterivex units. Filters were flash-frozen
533 in liquid N, and stored at —80 °C until DNA extraction. Here, only the free-living ‘picoplankton’
534  size-fraction (0.2-3 uym) was used in downstream analyses.

535 Nucleic acid extraction, sequencing, and bioinformatics
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536 DNA extraction was conducted with a standard phenol-chloroform protocol (114) for the
537  Malaspina surface samples. DNA from the Malaspina vertical profile samples was extracted using
538 the Nucleospin RNAkit (Macherey-Nagel) plus the Nucleospin RNA/DNA Buffer Set (Macherey-
539 Nagel) procedures. HotMix DNA samples were extracted using the PowerWater Sterivex™ DNA
540 isolation Kit (MO BIO Laboratories). DNA extracts were quantified with Qubit 1.0 (Thermo Fisher
541 Scientific) and preserved at —80°C. The same extracts were used for both the 16S and 18S
542 rRNA-gene amplification and all samples were sequenced with the same prokaryotic and
543 eukaryotic primers. The hypervariable V4-V5 (=400 bp) region of the 16S rRNA gene was PCR
544 amplified with the primers 515F-Y (5-GTGYCAGCMGCCGCGGTAA) -926R (5'-
545 CCGYCAATTYMTTTRAGTTT) to target prokaryotes — both Bacteria and Archaea (115). The
546  hypervariable V4 region of the 18S rRNA gene (=380 bp) was PCR amplified with the primers
547 TAReukFWD1 (5'-CCAGCASCYGCGGTAATTCC-3) and TAReukREV3 (5-
548 ACTTTCGTTCTTGATYRA-3') to target eukaryotes (116). PCR amplification was carried out with
549 a QIAGEN HotStar Taq master mix (Qiagen Inc., Valencia, CA, USA). Amplicon libraries were
550 then paired-end sequenced on an lllumina (San Diego, CA, USA) MiSeq platform (2 x 250 bp or
551 2 x 300 bp) at the Research and Testing Laboratory facility, Texas, USA
552  (https://rtigenomics.com/). See details about gene amplification and sequencing in (11, 17).

553 Raw lllumina miSeq reads (2x250 or 2x300) were processed using DADA2 (117) to determine
554  amplicon sequence variants (ASVs). For the 16S rRNA gene, forward reads were trimmed at 220
555  bp and reverse reads at 200 bp, whilst for the 18S rRNA gene, we trimmed the forward reads at
556 240 bp and the reverse reads at 180 bp. Then, for the 16S, the maximum number of expected
557 errors (maxEE) was set to 2 for the forward reads and to 4 for the reverse reads, while for the
558 18S, the maxEE was set to 7 and 8 for the forward and reverse reads respectively. Error rates for
559 each possible nucleotide substitution type were estimated using a machine learning approach
560 implemented in DADA2 for both the 16S and 18S. Unsurprisingly, error rates increased with
561 decreasing quality score. Finally, DADA2 was used to estimate error rates for both the 16S and
562 18S genes in order to delineate the ASVs

563 Prokaryotic ASVs were assigned taxonomy using the naive Bayesian classifier method
564 (118) alongside the SILVA v.132 database (119) as implemented in DADA2, while Eukaryotic
565 ASVs were BLASTed (120) against the Protist Ribosomal Reference database [PR?, version
566 4.11.1; (121)]. Eukaryotes, chloroplasts, and mitochondria were removed from the 16S ASVs
567 table, while Streptophyta, Metazoa, and nucleomorphs were removed from the 18S ASVs table.
568 Both, the 16S and 18S ASVs tables were rarefied to 20,000 reads per sample with the function
569 rrarefy from the Vegan R package. To be consistent with our previous study (17), for the
570 calculation of ecological processes and associated analysis, ASVs with total abundances <100
571 reads across all samples were removed to avoid PCR and sequencing depth biases. This filtering
572  procedure removed ~5% of the total reads and ~90% of the total ASVs from both the 16S and the
573  18S rRNA datasets.

574  Computing analyses were conducted at both the MARBITS bioinformatics platform of the Institut
575 de Ciéncies del Mar (ICM; http:/marbits.icm.csic.es) and the MareNostrum (Barcelona
576  Supercomputing Center). Sequences are publicly available at the European Nucleotide Archive
577  (http://www.ebi.ac.uk/ena) under accession numbers PRJEB23913 [18S rRNA genes] &
578 PRJEB25224 [16S rRNA genes] for the Malaspina expedition; PRJIEB23771 [18S rRNA genes] &
579 PRJEB45015 [16S rRNA genes] for the Malaspina vertical profiles; and PRIJIEB44683 [18S rRNA
580 genes] & PRIJEB44474 [16S rRNA genes] for the HotMix expedition.

581 Phylogenetics

582  Phylogenetic trees were built for both the 16S and 18S rRNA gene-datasets using the ASVs full
583 sequences. Raw ASV sequences were firstly aligned against an aligned SILVA template — for
584 16S rRNA — and an aligned PR? template — for 18S rRNA — using mothur (122). Poorly aligned
585 regions or sequences were then removed using trimAl (parameters: -gt 0.3 -st 0.001) (123).
586 Aligned sequences were also visually curated with seaview v4 (124) and sequences with >=40%
587 of gaps were removed. Finally, phylogenetic trees were inferred from the aligned quality-filtered
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588 sequences using FastTree v2.1.9 (125). Additional phylogenetic analyses were carried out with
589 the picante R package (126).

590 Environmental heterogeneity, water masses characterization, and least-cost distance
591 calculations

592 We calculated the average pairwise dissimilarity (EnvHt) as an index of environmental
593 heterogeneity based on the main standardized environmental variables: temperature, salinity,
594 fluorescence, PO,*, NO; , and SiO.. We firstly computed an Euclidean distance matrix for each
595 depth zone using the vegan R package and then determined the dissimilarity among samples by
596 dividing the Euclidean distance matrix (Euc) by the maximum Euclidean distance (Eucmax) of a
597 given depth zone as described in (29) and summarized here: EnvHt=(Euc/Eucmax)+0.001. Finally,
598 the mean EnvHt (EnvHt) was calculated as an estimation of environmental heterogeneity in each
599 depth zone. Significant differences in environmental heterogeneity between depth zones were
600 tested with a Kruskal-Wallis test, followed by a Wicoxon post-hoc test.

601 The presence of different water masses is an important feature to properly describe the deep
602 dark ocean ecosystem (> 200 m depth). Water masses are well-established water bodies with
603 unique properties that can be characterized by their thermohaline and chemical features. A water
604 mass is composed of different proportions of one or more water types of a given origin (127).
605 Here, the percentage of different water types contributing to the water mass composition of each
606 sample (from 200 m to the bottom) was calculated using an optimum multiparameter water mass
607 analysis (128). This method basically characterizes water types by using conservative variables
608 such as salinity and potential temperature (see (61) for details). We have identified 22 and 19
609 water types in the open ocean and in the Mediterranean Sea, respectively. We computed the
610 dissimilarity (Euclidean distance) between pairwise samples based on their water mass
611 composition (% of each water type) to use in our downstream analysis. A nonmetric
612 multidimensional scaling (NMDS) analysis based on these euclidean distances was conducted to
613 determine the differences among samples.

614 Least-cost geographical distances were calculated using the ‘lc.dist()’ function of the marmap R
615 package (129). We first computed three transition matrices (using the ‘trans.mat()’ function) with
616 different minimum depths, corresponding to the epi- (surface), meso- (200 m), and bathypelagic
617 (1,000 m). Each generated transition matrix contained the probability of transition from one cell to
618 adjacent cells of a given bathymetric grid. We used the high-resolution (15 arc-second) GEBCO
619 bathymetric database hosted on the British Oceanographic Data Centre server
620  (https://www.gebco.net/). Since the Mediterranean Sea deep waters (>400 m) are completely
621 separated by the Strait of Sicily, the marmap algorithm could not calculate the horizontal distance
622 between bathypelagic samples situated in the western and eastern Mediterranean. To deal with
623 this issue, we simulated the vertical trajectory needed to overcome the Strait of Sicily by simply
624 summing each sample’s depth to the geographical distances between ‘isolated’ stations. To
625 calculate the least-cost distances, 'marmap’ sets a depth limit for geographic barriers to compute
626 the transition matrices (129). For example, if the limit is set to 0, the program calculates the
627 distance turning around the continents. However, in the case of the Mediterranean Sea, the
628 western and eastern basins are completely isolated (at least horizontally) in depths down to
629 400m, so the program outputs unrealistic very long distances between western and eastern
630 samples from the deep ocean. To deal with this issue, for these isolated samples, we computed
631 the least-cost distances by calculating the normal geographic distances (geodesic) between
632 samples (not considering geographic barriers) and then summed the vertical distances to
633 theoretically overcome the Strait of Sicily. For example, a western 1,400 m depth sample (1 km
634 deeper than the top of the Strait of Sicily) located 200 km from an eastern 1,400 m depth sample
635 had a final least-cost distance of 200 km + 2x 1 km = 202 km.

636  Quantification of the ecological processes

637 The action of ecological processes (selection, dispersal, and drift) were here quantified using a
638 null model approach (27) that has been successfully applied to microbial ecology studies in
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639 diverse aquatic environments (29, 51, 52, 130). This analysis consists of two main sequential
640 steps: 1) inference of selection from ASV phylogenetic turnover; and 2) inference of dispersal and
641  drift from ASV compositional turnover (27). Since the existence of a phylogenetic signal (131) is
642 an assumption of the first step of this method (27), we first tested whether closely related taxa
643 (based on the 16S and 18S rRNA-gene phylogeny) were more similar in terms of habitat
644 preferences than distantly related taxa. Mantel correlograms between ASVs niche and
645 phylogenetic distances were used to test for a phylogenetic signal in the variables that explained
646 the highest fraction of community variance in each depth zone. We detected a phylogenetic
647  signal within short phylogenetic distances, which is in line with the literature (17, 27, 29).

648 Having fulfilled this assumption, we determined the phylogenetic turnover using the abundance-
649 weighted B-mean nearest taxon distance (BMNTD) metric (27), which computes the mean
650 phylogenetic distances between each ASV and its closest relative in each pair of communities
651 (pairwise comparisons). Afterward, we run null models with 999 randomizations to simulate the
652 community turnover by chance (BMNTD.u), in other words, without selection influence (27).
653 Finally, the B-Nearest Taxon Index (BNTI) was calculated from the differences between the
654 observed BMNTD and the mean BMNTD,u values. Overall, |BNTI| > 2 indicates that taxa are
655 phylogenetically more related or less related than expected by chance, pointing to a strong
656 influence of selection on community assembly (27). More precisely, BNTI values higher than +2
657 indicate the action of heterogeneous selection, while BNTI values lower than —2 points out to the
658 action of homogeneous selection (27).

659 The B-diversity of communities that were not governed by selection (|BNTI| < 2) was evaluated in
660 a second step, which consisted of computing ASV taxonomic turnover to calculate the influence
661  of either dispersal or ecological drift on community structure. To do so, we calculated the Raup-
662  Crick metric (132) based on the Bray-Curtis dissimilarities (RCuray) (27). RCuay COMpares the
663 measured B-diversity against the B-diversity obtained from null models (999 randomizations),
664 representing a random community assembly (ecological drift). Absolute RCyy values smaller
665 than (JRCuay| < 0.95) indicate a community assembled by ecological drift alone (i.e., by chance).
666 On the other hand, RCy. values > +0.95 or < —0.95 indicate that community assembly is
667 structured by dispersal limitation or homogenizing dispersal, respectively (132). To further
668 investigate the community assembly patterns in each depth zone, we used the ‘betapart’ R
669 package (133) to calculate the partitioning of B-diversity (Jaccard, Sorensen and Bray-Curtis) into
670 turnover or nestedness (134).

671 The relative importance of ecological processes were calculated for each depth zone subset.
672  Additionally, we globally calculated these processes by integrating all depths of both datasets
673 (Fig. S5). Since there are processes taking place along the water column (vertically) that may
674 impact the biogeography that we observe horizontally in each depth zone, we also estimated the
675 ecological processes integrating all depths (from 3 to 4,000 m) in each of the 13 vertical profile
676  stations (Fig. 1A; see also Fig. S1 for sample vertical distribution).

677 General analysis

678 Distance-based redundancy analyses (dbRDA) were performed on community composition
679 (based on Bray-Curtis dissimilarities) of both prokaryotic (16S rRNA gene) and picoeukaryotic
680 (18S rRNA gene) samples using the ‘capscale()’ function of the vegan R package (135).
681  Analyses of dissimilarities were conducted using the ‘adonis2()’ function of the vegan R package
682  to investigate the percentage of variance in community composition explained by environmental
683 or geographic variables (136). Classic biogeographic provinces classifications (e.g.: Longhurst
684  provinces; (137)) are only applied to the upper sunlit ocean (above 200 m), while deep-oceanic
685 basins classifications (based on isolated water bodies) are only applied to the deep (bellow 3,500
686 m) (35). Therefore, we here used the classic geographic oceanic basins (South Atlantic Ocean,
687  North Atlantic Ocean, North Pacific Ocean, South Pacific Ocean and Indian Ocean) as a standard
688 categorical explanatory variable to compare the effect of geography between depth zones of the
689 open ocean. For the Mediterranean Sea, we used the sub-basin classification (Levantine Sea,
690 lonan Sea, Sicily Strait, Tirrenyan Sea, Sardinian Sea, Alborean Sea and Gibraltar Strait), based
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691 on Mediterranean internal circulation patterns (138) as well as physico-chemical and biological
692 features (139).

693 Spearman correlations were computed between [-diversity (bray-curtis and BNTI) and
694 environmental euclidean distances matrices using the ‘cor.test()’ function of the stats R package.
695 Spearman correlations were also carried out to test the association between community (bray-
696 curtis dissimilarity) and water masses composition (euclidean distances) in the meso- and
697 bathypelagic. Mantel correlograms were carried out with the ‘mantel.correlog()’ function in Vegan
698 to test for the decrease in picoplankton community similarity (B-diversity) with increasing
699 geographic distances (distance-decay). For the open ocean, we used distance classes of 1,000
700  km, while for the Mediterranean Sea we used distance classes of 350 km. Sequential differences
701 in picoplankton B-diversity (bray-curtis dissimilarity) were computed in the sampling order of each
702  project (see arrow directions in Fig. S15). Statistical differences between zones in sequential
703  bray-curtis values were tested using analysis of variance (ANOVA) followed by a Tukey post-hoc
704  test.

705 Pearson correlation matrices between diversity metrics and environmental variables were
706 computed using the ‘cor()’ function and plotted with the ggcorrplot R package. Nonmetric
707  multidimensional scaling (NMDS) based on Euclidean distances was used to visualize clustering
708 in water mass composition among ocean depth zones and basins, followed by an analysis of
709 similarities (ANOSIM) to test for differences among groups. The NMDS and ANOSIM were
710 completed using the ‘metaMDS()’ and ‘anosim()’ vegan functions, respectively. Analysis of
711  variance (ANOVA), followed by a Tukey post-hoc test, was used to test statistical differences in
712 B-diversity metrics (Bray-Curtis, BNTI and RC.ay). Differences in environmental heterogeneity
713  values between zones were tested using Kruskal-Wallis, followed by a Wicoxon post-hoc test.
714 Linear regression models were carried out to investigate the influence of water masses
715 (euclidean distance) on community composition (bray-curtis dissimilarity) in each vertical profile.
716  Spearman correlation was used to test correlation between the ecological processes results
717  obtained with the total (unbalanced) dataset and the results found with a standardized sampling
718 size dataset. All statistical analyses were conducted in the R statistical environment (140) and all
719 plots were generated using the R package ggplot2 (141).

720 Data availability and resources

721  DNA sequences and environmental metadata are publicly available at the European Nucleotide
722 Archive (http://www.ebi.ac.uk/ena) under accession numbers PRIJEB23913 [18S rRNA genes] &
723 PRJEB25224 [16S rRNA genes] for the Malaspina expedition; PRJEB23771 [18S rRNA genes] &
724 PRJEB45015 [16S rRNA genes] for the Malaspina vertical profiles; and PRIJIEB44683 [18S rRNA
725 genes] & PRJIEB44474 [16S rRNA genes] for the HotMix expedition. R-Scripts for calculating the
726 B-NTI and the Raup-Crick metrics are available at
727  https://github.com/stegen/Stegen_etal ISME_2013. The r-scripts used to generate figures and

728  statistical analysis are available at: https://github.com/pcjunger/EcoProc_OceanDepths

729  Acknowledgments

730 We are grateful to all scientists and crews from Malaspina-2010 and HotMix expeditions.
731  Bioinformatics analyses were performed at the MARBITS platform of the Institut de Ciencies del
732 Mar (ICM http://marbits.icm.csic.es). PCJ was supported by Fundacéo de Amparo a Pesquisa do
733 Estado de S&o Paulo — FAPESP (PhD grants #2017/26786-1 and #2020/02517-4) and by
734  FAI/UFSCar (ProEx n° 3213/2020-83) through the European Union — H2020 project AtlantECO
735 (award n° 862923). HS gratefully acknowledges continuous funding through Research
736  Productivity Grants provided by CNPq (Process: 303906/2021-9). This work was supported by
737 the projects INTERACTOMICS (CTM2015-69936-P, MINECO, Spain), MicroEcoSystems
738 (240904, RCN, Norway), and MINIME (PID2019-105775RB-100, AEI, Spain) to RL, and PID2021-
739 125469NB-C31 to JMG, and by project HOTMIX (CTM2011-30010-C02-01 and CTM2011-
740  30010-C02-02) of the Spanish Ministry of Economy and Innovation, co-financed with FEDER
741 funds, to JA and JMG, respectively. We thank X. Anton Alvarez-Salgado for conducting the

15


https://github.com/pcjunger/EcoProc_OceanDepths
https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

742  optimum multiparameter water mass analysis. The authors also thank Victor Saito, Melina
743  Devecelli, Paula Huber and Célia Marrasé for their critical reading of an earlier version of this
744  manuscript. The ICM authors acknowledge the ‘Severo Ochoa Centre of Excellence’
745  accreditation (CEX2019-000928-S) to the ICM-CSIC.

746  References

747 1. E. B. Sherr, B. F. Sherr, “Understanding roles of microbes in marine pelagic food webs: a
748 brief history” in Microbial Ecology of the Oceans, (2008), pp. 27-44.

749 2. L. Guidi, et al., Plankton networks driving carbon export in the oligotrophic ocean. Nature
750 532, 465-470 (2016).

751 3. P. G. Falkowski, T. Fenchel, E. F. Delong, The Microbial Engines That Drive Earth’s

752 Biogeochemical Cycles. Science (80-. ). 320, 1034-1039 (2008).

753 4. Y. M. Bar-On, R. Milo, The Biomass Composition of the Oceans: A Blueprint of Our Blue
754 Planet. Cell 179, 1451-1454 (2019).

755 5. R. Massana, Eukaryotic Picoplankton in Surface Oceans. Annu. Rev. Microbiol. 65, 91—
756 110 (2011).

757 6. A. Z. Worden, et al., Rethinking the marine carbon cycle: Factoring in the multifarious
758 lifestyles of microbes. Science (80-. ). 347 (2015).

759 7. C. de Vargas, et al., Eukaryotic plankton diversity in the sunlit ocean. Science (80-. ). 348,
760 1261605-1261605 (2015).

761 8. S. Sunagawa, et al., Structure and function of the global ocean microbiome. Science

762 (80-. ). 348, 1261359 (2015).

763 9. J. Aristegui, J. M. Gasol, C. M. Duarte, G. J. Herndl, Microbial oceanography of the dark
764 ocean’s pelagic realm. Limnol. Oceanogr. 54, 1501-1529 (2009).

765 10. M. V Brown, et al., Microbial community structure in the North Pacific ocean. ISME J. 3,
766 1374-1386 (2009).

767  11. M. Sebastian, et al., Environmental gradients and physical barriers drive the basin-wide
768 spatial structuring of Mediterranean Sea and adjacent eastern Atlantic Ocean prokaryotic
769 communities. Limnol. Oceanogr. 66, 4077-4095 (2021).

770  12. C. R. Giner, et al., Marked changes in diversity and relative activity of picoeukaryotes with
771 depth in the world ocean. ISME J. 14, 437-449 (2020).

772 13. E. J. Raes, et al., Oceanographic boundaries constrain microbial diversity gradients in the
773 South Pacific Ocean. Proc. Natl. Acad. Sci. 115, E8266—-E8275 (2018).

774 14, P. E. Galand, M. Potvin, E. O. Casamayor, C. Lovejoy, Hydrography shapes bacterial
775 biogeography of the deep Arctic Ocean. ISME J. 4, 564-576 (2010).

776  15. F. Baltar, J. Aristegui, Fronts at the Surface Ocean Can Shape Distinct Regions of

777 Microbial Activity and Community Assemblages Down to the Bathypelagic Zone: The

778 Azores Front as a Case Study. Front. Mar. Sci. 4 (2017).

779 16. S. E. Morales, M. Meyer, K. Currie, F. Baltar, Are oceanic fronts ecotones? Seasonal
780 changes along the subtropical front show fronts as bacterioplankton transition zones but
781 not diversity hotspots. Environ. Microbiol. Rep. 10, 184-189 (2018).

782 17. R. Logares, et al., Disentangling the mechanisms shaping the surface ocean microbiota.
783 Microbiome 8, 55 (2020).

784 18. E. Villarino, et al., Global beta diversity patterns of microbial communities in the surface
785 and deep ocean. Glob. Ecol. Biogeogr. 31, 2323-2336 (2022).

786  19. S. G. Acinas, et al., Deep ocean metagenomes provide insight into the metabolic

787 architecture of bathypelagic microbial communities. Commun. Biol. 4, 604 (2021).

788  20. M. Vellend, The Theory of Ecological Communities. Monogr. Popul. Biol. 57, 229 (2016).
789 21. J. Zhou, D. Ning, Stochastic Community Assembly: Does It Matter in Microbial Ecology?

790 Microbiol. Mol. Biol. Rev. 81, e00002-17 (2017).

791 22. S. Louca, The rates of global bacterial and archaeal dispersal. ISME J. 16, 159-167

792 (2022).

793  23. S. Fodelianakis, A. Valenzuela-Cuevas, A. Barozzi, D. Daffonchio, Direct quantification of
794 ecological drift at the population level in synthetic bacterial communities. ISME J. 15, 55—
795 66 (2021).

796 24, J. Heino, et al., Metacommunity organisation, spatial extent and dispersal in aquatic

797 systems: patterns, processes and prospects. Freshw. Biol. 60, 845-869 (2015).

16


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

798 25. S. P. Hubbell, The unified neutral theory of biodiversity and biogeography (Princeton

799 University Press, 2001).

800 26. D. R. Nemergut, et al., Patterns and Processes of Microbial Community Assembly.

801 Microbiol. Mol. Biol. Rev. 77, 342-356 (2013).

802 27. J. C. Stegen, et al., Quantifying community assembly processes and identifying features
803 that impose them. ISME J. 7, 2069-2079 (2013).

804 28. C. R. Woese, Bacterial evolution. Microbiol. Rev. 51, 221-271 (1987).
805 29. P. Huber, et al., Environmental heterogeneity determines the ecological processes that

806 govern bacterial metacommunity assembly in a floodplain river system. ISME J. 14, 2951—
807 2966 (2020).

808  30. C. Ruiz-Gonzélez, et al., Higher contribution of globally rare bacterial taxa reflects

809 environmental transitions across the surface ocean. Mol. Ecol. 28, 1930-1945 (2019).
810 31. J. L. Reid, On the mid-depth circulation of the world ocean. Evol. Phys. Oceanogr. 623,
811 70-111 (1981).

812  32. E. Mayol, et al., Long-range transport of airborne microbes over the global tropical and
813 subtropical ocean. Nat. Commun. 8, 201 (2017).

814 33. D. J. Richter, et al., Genomic evidence for global ocean plankton biogeography shaped by
815 large-scale current systems. Elife 11, e78129 (2022).

816  34. E. Villarino, et al., Large-scale ocean connectivity and planktonic body size. Nat.

817 Commun. 9, 142 (2018).

818  35. G. Salazar, et al., Global diversity and biogeography of deep-sea pelagic prokaryotes.
819 ISME J. 10 (2016).

820 36. M. C. Pernice, et al., Large variability of bathypelagic microbial eukaryotic communities
821 across the world's oceans. ISME J. 10, 945-958 (2016).

822  37. J. P. Bethoux, et al., The Mediterranean Sea: a miniature ocean for climatic and

823 environmental studies and a key for the climatic functioning of the North Atlantic. Prog.
824 Oceanogr. 44, 131-146 (1999).

825 38. J. C. J. Nihoul, “Oceanography of Semi-Enclosed Seas: Medalpex : an international field
826 experiment in the Western Mediterranean” in Hydrodynamics of Semi-Enclosed Seas, J.
827 C.J.B. T.-E. O. S. Nihoul, Ed. (Elsevier, 1982), pp. 1-12.

828  39. S. Sammartino, et al., Ten years of marine current measurements in Espartel Sill, Strait of
829 Gibraltar. J. Geophys. Res. Ocean. 120, 6309-6328 (2015).

830 40. M. D. Krom, N. Kress, S. Brenner, L. I. Gordon, Phosphorus limitation of primary

831 productivity in the eastern Mediterranean Sea. Limnol. Oceanogr. 36, 424-432 (1991).
832 41. M. Estrada, et al., Phytoplankton across Tropical and Subtropical Regions of the Atlantic,
833 Indian and Pacific Oceans. PLoS One 11, e0151699 (2016).

834 42. M. Cornec, et al., Deep Chlorophyll Maxima in the Global Ocean: Occurrences, Drivers
835 and Characteristics. Global Biogeochem. Cycles 35, e2020GB006759 (2021).

836 43. E. Villar, et al., Environmental characteristics of Agulhas rings affect interocean plankton
837 transport. Science (80-. ). 348, 1261447 (2015).

838 44. M. Lévy, O. Jahn, S. Dutkiewicz, M. J. Follows, F. d'Ovidio, The dynamical landscape of
839 marine phytoplankton diversity. J. R. Soc. Interface 12, 20150481 (2015).

840  45. T. Soukissian, et al., Marine Renewable Energy in the Mediterranean Sea: Status and
841 Perspectives. Energies 10, 1512 (2017).

842  46. F. Milke, 1. Wagner-Doebler, G. Wienhausen, M. Simon, Selection, drift and community
843 interactions shape microbial biogeographic patterns in the Pacific Ocean. ISME J. 16,
844 2653-2665 (2022).

845 47. H. K. Mod, M. Chevalier, M. Luoto, A. Guisan, Scale dependence of ecological assembly
846 rules: Insights from empirical datasets and joint species distribution modelling. J. Ecol.
847 108, 1967-1977 (2020).

848  48. Y. Ren, et al., Insights into community assembly mechanisms, biogeography, and

849 metabolic potential of particle-associated and free-living prokaryotes in tropical

850 oligotrophic surface oceans. Front. Mar. Sci. 9 (2022).

851  49. K. Jie, et al., Contrasting Community Assembly Mechanisms Underlie Similar

852 Biogeographic Patterns of Surface Microbiota in the Tropical North Pacific Ocean.

853 Microbiol. Spectr. 10, e00798-21 (2022).

854 50. F. Dini-Andreote, J. C. Stegen, J. D. van Elsas, J. F. Salles, Disentangling mechanisms
855 that mediate the balance between stochastic and deterministic processes in microbial
856 succession. Proc. Natl. Acad. Sci. U. S. A. 112, E1326-E1332 (2015).

17


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

857 51. R. Logares, et al., Contrasting prevalence of selection and drift in the community

858 structuring of bacteria and microbial eukaryotes. Environ. Microbiol. 20, 2231-2240

859 (2018).

860 52. M. Vass, A. J. Székely, E. S. Lindstrém, S. Langenheder, Using null models to compare
861 bacterial and microeukaryotic metacommunity assembly under shifting environmental
862 conditions. Sci. Rep. 10, 2455 (2020).

863 53. C. Yesson, M. R. Clark, M. L. Taylor, A. D. Rogers, The global distribution of seamounts
864 based on 30 arc seconds bathymetry data. Deep Sea Res. Part | Oceanogr. Res. Pap. 58,
865 442-453 (2011).

866 54. W. Zhu, et al., Different Responses of Bacteria and Microeukaryote to Assembly

867 Processes and Co-occurrence Pattern in the Coastal Upwelling. Microb. Ecol. (2022)

868 https:/doi.org/10.1007/s00248-022-02093-7.

869 55. P. Sun, Y. Wang, X. Huang, B. Huang, L. Wang, Water masses and their associated

870 temperature and cross-domain biotic factors co-shape upwelling microbial communities.
871 Water Res. 215, 118274 (2022).

872  56. H. Agogué, D. Lamy, P. R. Neal, M. L. Sogin, G. J. Herndl, Water mass-specificity of

873 bacterial communities in the North Atlantic revealed by massively parallel sequencing.
874 Mol. Ecol. 20, 258-274 (2011).

875 57. A. M. Martinez—Pérez, et al., Dissolved organic matter (DOM) in the open Mediterranean
876 Sea. II: Basin—wide distribution and drivers of fluorescent DOM. Prog. Oceanogr. 170, 93—
877 106 (2019).

878 58. M. Gomez-Letona, et al., Deep ocean prokaryotes and fluorescent dissolved organic

879 matter reflect the history of the water masses across the Atlantic Ocean. Prog. Oceanogr.
880 205, 102819 (2022).

881 59. J. Rigonato, et al., Insights into biotic and abiotic modulation of ocean mesopelagic

882 communities. bioRxiv, 2021.02.26.433055 (2021).

883  60. A. H. Frank, J. A. L. Garcia, G. J. Herndl, T. Reinthaler, Connectivity between surface and
884 deep waters determines prokaryotic diversity in the North Atlantic Deep Water. Environ.
885 Microbiol. 18, 2052—2063 (2016).

886 61. T. S. Catala, et al., Water mass age and aging driving chromophoric dissolved organic
887 matter in the dark global ocean. Global Biogeochem. Cycles 29, 917-934 (2015).

888 62. R. Massana, R. Logares, Eukaryotic versus prokaryotic marine picoplankton ecology.

889 Environ. Microbiol. 15, 1254-1261 (2013).

890 63. A. Bellaaj Zouari, et al., Picoeukaryotic diversity in the Gulf of Gabés: variability patterns
891 and relationships to nutrients and water masses. Aquat. Microb. Ecol. 81, 37-53 (2018).
892 64. G. M. Luna, et al., Dense water plumes modulate richness and productivity of deep sea
893 microbes. Environ. Microbiol. 18, 4537-4548 (2016).

894  65. T. Severin, et al., Impact of an intense water column mixing (0—1500 m) on prokaryotic
895 diversity and activities during an open-ocean convection event in the NW Mediterranean
896 Sea. Environ. Microbiol. 18, 4378-4390 (2016).

897 66. E. F. Neave, et al., Protistan plankton communities in the Galdpagos Archipelago respond
898 to changes in deep water masses resulting from the 2015/16 El Nifio. Environ. Microbiol.
899 24, 1746-1759 (2022).

900 67. T. Cordier, et al., Patterns of eukaryotic diversity from the surface to the deep-ocean

901 sediment. Sci. Adv. 8, eabj9309 (2022).

902 68. C. A. Hanson, J. A. Fuhrman, M. C. Horner-Devine, J. B. H. Martiny, Beyond

903 biogeographic patterns: processes shaping the microbial landscape. Nat. Rev. Microbiol.
904 10, 497-506 (2012).

905 69. K. J. Locey, et al., Dormancy dampens the microbial distance—decay relationship. Philos.
906 Trans. R. Soc. B Biol. Sci. 375, 20190243 (2020).

907 70. K. J. Gaston, et al., Abundance—occupancy relationships. J. Appl. Ecol. 37, 39-59 (2000).
908 71. C. J. Brislawn, et al., Forfeiting the priority effect: turnover defines biofilm community

909 succession. ISME J. 13, 18651877 (2019).
910 72. T. De Bie, et al., Body size and dispersal mode as key traits determining metacommunity
911 structure of aquatic organisms. Ecol. Lett. 15, 740-747 (2012).

912 73. C. Pedros-Alié, Time travel in microorganisms. Syst. Appl. Microbiol. 44, 126227 (2021).
913 74. N. I. Wisnoski, M. A. Leibold, J. T. Lennon, Dormancy in Metacommunities. Am. Nat. 194,
914 135-151 (2019).

18


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

915 75. J. T. Lennon, F. den Hollander, M. Wilke-Berenguer, J. Blath, Principles of seed banks

916 and the emergence of complexity from dormancy. Nat. Commun. 12, 4807 (2021).
917 76. M. Mestre, et al., Sinking particles promote vertical connectivity in the ocean microbiome.
918 Proc. Natl. Acad. Sci. 115, E6799 LP-E6807 (2018).

919 77. D. A. Gittins, et al., Geological processes mediate a microbial dispersal loop in the deep
920 biosphere. Sci. Adv. 8 (2022).
921 78. N. Arandia-Gorostidi, A. E. Parada, A. E. Dekas, Single-cell view of deep-sea microbial

922 activity and intracommunity heterogeneity. ISME J. 17, 59-69 (2023).

923  79. G. J. Herndl, B. Bayer, F. Baltar, T. Reinthaler, Prokaryotic Life in the Deep Ocean’s

924 Water Column. Ann. Rev. Mar. Sci. 15 (2023).

925  80. L. Kwiatkowski, et al., Twenty-first century ocean warming, acidification, deoxygenation,
926 and upper-ocean nutrient and primary production decline from CMIP6 model projections.
927 Biogeosciences 17, 3439-3470 (2020).

928  81. A. K. Sweetman, et al., Major impacts of climate change on deep-sea benthic ecosystems.
929 Elem. Sci. Anthr. 5, 4 (2017).

930 82. S. Chaffron, et al., Environmental vulnerability of the global ocean epipelagic plankton

931 community interactome. Sci. Adv. 7, eabg1921 (2021).

932 83. G. C. Hays, Ocean currents and marine life. Curr. Biol. 27, R470-R473 (2017).
933 84. B. A. Ward, B. B. Cael, S. Collins, C. R. Young, Selective constraints on global plankton

934 dispersal. Proc. Natl. Acad. Sci. 118, e2007388118 (2021).

935 85. Y. Silvy, E. Guilyardi, J.-B. Sallée, P. J. Durack, Human-induced changes to the global
936 ocean water masses and their time of emergence. Nat. Clim. Chang. 10, 1030-1036

937 (2020).

938 86. J. D. Zika, J. M. Gregory, E. L. McDonagh, A. Marzocchi, L. Clément, Recent Water Mass
939 Changes Reveal Mechanisms of Ocean Warming. J. Clim. 34, 3461-3479 (2021).

940 87. P. Cermefio, et al., The role of nutricline depth in regulating the ocean carbon cycle. Proc.
941 Natl. Acad. Sci. 105, 20344—20349 (2008).

942  88. G. Sommeria-Klein, et al., Global drivers of eukaryotic plankton biogeography in the sunlit
943 ocean. Science (80-. ). 374, 594-599 (2021).

944 re89. J. M. Rose, D. A. Caron, Does low temperature constrain the growth rates of heterotrophic
945 protists? Evidence and implications for algal blooms in cold waters. Limnol. Oceanogr. 52,
946 886-895 (2007).

947  90. F. Latorre, et al., Niche adaptation promoted the evolutionary diversification of tiny ocean
948 predators. Proc. Natl. Acad. Sci. 118, €2020955118 (2021).

949 91. L. A. Levin, N. Le Bris, The deep ocean under climate change. Science (80-. ). 350, 766—
950 768 (2015).

951 92. M. Mestre, J. Hofer, The Microbial Conveyor Belt: Connecting the Globe through

952 Dispersion and Dormancy. Trends Microbiol. 29, 482—-492 (2021).

953 93. E. van Sebille, et al., A global inventory of small floating plastic debris. Environ. Res. Lett.
954 10, 124006 (2015).

955 94. A. ter Halle, J. F. Ghiglione, Nanoplastics: A Complex, Polluting Terra Incognita. Environ.
956 Sci. Technol. 55, 14466-14469 (2021).

957  95. L. A. Amaral-Zettler, E. R. Zettler, T. J. Mincer, Ecology of the plastisphere. Nat. Rev.

958 Microbiol. 18, 139-151 (2020).

959  96. J. J. Polovina, E. A. Howell, M. Abecassis, Ocean'’s least productive waters are

960 expanding. Geophys. Res. Lett. 35 (2008).

91 97. L. Bopp, et al., Potential impact of climate change on marine export production. Global
962 Biogeochem. Cycles 15, 81-99 (2001).

963 98. J. L. Sarmiento, et al., Response of ocean ecosystems to climate warming. Global

964 Biogeochem. Cycles 18 (2004).

965 99. J.-F. Ghiglione, et al., Pole-to-pole biogeography of surface and deep marine bacterial
966 communities. Proc. Natl. Acad. Sci. 109, 17633-17638 (2012).

967 100. H. Sarmento, C. Morana, J. M. Gasol, Bacterioplankton niche partitioning in the use of
968 phytoplankton-derived dissolved organic carbon: quantity is more important than quality.
969 ISME J. 10, 2582-2592 (2016).

970 101. A. Auladell, et al., Seasonal niche differentiation among closely related marine bacteria.
971 ISME J. 16, 178-189 (2022).

972 102. F.L. Hellweger, E. van Sebille, N. D. Fredrick, Biogeographic patterns in ocean microbes
973 emerge in a neutral agent-based model. Science (80-. ). 345, 1346—-1349 (2014).

19


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

974
975
976
977
978
979
980
981
982
983
984
985
986
987
988
989
990
991
992
993
994
995
996
997
998
999
1000
1001
1002
1003
1004
1005
1006
1007
1008
1009
1010
1011
1012
1013
1014
1015
1016
1017
1018
1019
1020
1021
1022
1023
1024
1025
1026
1027
1028
1029
1030
1031

20

103.

104.

1065.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

available under aCC-BY-NC-ND 4.0 International license.

E. van Sebille, et al., Ocean currents generate large footprints in marine palaeoclimate
proxies. Nat. Commun. 6, 6521 (2015).

B. F. Jbnsson, J. R. Watson, The timescales of global surface-ocean connectivity. Nat.
Commun. 7, 11239 (20186).

L. Cheng, et al., Past and future ocean warming. Nat. Rev. Earth Environ. 3, 776—794
(2022).

M. C. Brand&o, et al., Macroscale patterns of oceanic zooplankton composition and size
structure. Sci. Rep. 11, 15714 (2021).

G. Salazar, et al., Particle-association lifestyle is a phylogenetically conserved trait in
bathypelagic prokaryotes. Mol. Ecol. 24 (2015).

V. F. Farjalla, et al., Ecological determinism increases with organism size. Ecology 93,
1752-1759 (2012).

C. M. Duarte, Seafaring in the 21St Century: The Malaspina 2010 Circumnavigation
Expedition. Limnol. Oceanogr. Bull. 24, 11-14 (2015).

K. Grasshoff, K. Kremling, M. Erhardt, Methods of seawater analysis, 3rd Ed. (Wiley-VCH
Verlag, 1999).

T. P. Boyer, et al., World Ocean Database 2013. NOAA Print. Off. 72, 208pp (2013).

J. M. Gasol, X. A. G. Moran, Flow Cytometric Determination of Microbial Abundances and
Its Use to Obtain Indices of Community Structure and Relative Activity. Springer Protoc.
Handbooks, 1-29 (2015).

D. C. Smith, F. Azam, A simple, economical method for measuring bacterial protein
synthesis rates in seawater using 3H-leucine. Mar. Microb. Food Webs 6, 107-114
(1992).

R. Massana, A. E. Murray, C. M. Preston, E. F. DelLong, Vertical distribution and
phylogenetic characterization of marine planktonic Archaea in the Santa Barbara Channel.
Appl. Environ. Microbiol. 63, 50-56 (1997).

A. E. Parada, D. M. Needham, J. A. Fuhrman, Every base matters: assessing small
subunit rRNA primers for marine microbiomes with mock communities, time series and
global field samples. Environ. Microbiol. 18, 1403-1414 (2016).

T. Stoeck, et al., Multiple marker parallel tag environmental DNA sequencing reveals a
highly complex eukaryotic community in marine anoxic water. Mol. Ecol. 19, 21-31 (2010).
B. J. Callahan, et al., DADAZ2: High-resolution sample inference from lllumina amplicon
data. Nat. Methods 13, 581 (2016).

W. Qiong, G. G. M., T. J. M., C. J. R., Naive Bayesian Classifier for Rapid Assignment of
rRNA Sequences into the New Bacterial Taxonomy. Appl. Environ. Microbiol. 73, 5261—
5267 (2007).

C. Quast, et al., The SILVA ribosomal RNA gene database project: improved data
processing and web-based tools. Nucleic Acids Res. 41, D590-D596 (2013).

S. F. Altschul, W. Gish, W. Miller, E. W. Myers, D. J. Lipman, Basic local alignment search
tool. J. Mol. Biol. 215, 403—-410 (1990).

L. Guillou, et al., The Protist Ribosomal Reference database (PR2): a catalog of
unicellular eukaryote Small Sub-Unit rRNA sequences with curated taxonomy. Nucleic
Acids Res. 41, D597-D604 (2013).

P. D. Schloss, et al., Introducing mothur: Open-Source, Platform-Independent,
Community-Supported Software for Describing and Comparing Microbial Communities.
Appl. Environ. Microbiol. 75, 7537-7541 (2009).

S. Capella-Gutiérrez, J. M. Silla-Martinez, T. Gabaldén, trimAl: a tool for automated
alignment trimming in large-scale phylogenetic analyses. Bioinformatics 25, 1972—-1973
(2009).

M. Gouy, S. Guindon, O. Gascuel, SeaView Version 4: A Multiplatform Graphical User
Interface for Sequence Alignment and Phylogenetic Tree Building. Mol. Biol. Evol. 27,
221-224 (2010).

M. N. Price, P. S. Dehal, A. P. Arkin, FastTree: Computing Large Minimum Evolution
Trees with Profiles instead of a Distance Matrix. Mol. Biol. Evol. 26, 1641-1650 (2009).
S. W. Kembel, et al., Picante: R tools for integrating phylogenies and ecology.
Bioinformatics 26, 1463-1464 (2010).

M. Tomczak, Some historical, theoretical and applied aspects of quantitative water mass
analysis. J. Mar. Res. 57, 275-303 (1999).


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1032 128. J. Karstensen, M. Tomczak, Age determination of mixed water masses using CFC and

1033 oxygen data. J. Geophys. Res. Ocean. 103, 18599-18609 (1998).

1034 129. E. Pante, B. Simon-Bouhet, marmap: A Package for Importing, Plotting and Analyzing
1035 Bathymetric and Topographic Data in R. PLoS One 8, e73051 (2013).

1036 130. C.R. Gazulla, et al., Global diversity and distribution of aerobic anoxygenic phototrophs in
1037 the tropical and subtropical oceans. Environ. Microbiol. 24, 2222-2238 (2022).

1038 131. J. Cavender-Bares, K. H. Kozak, P. V. A. Fine, S. W. Kembel, The merging of community
1039 ecology and phylogenetic biology. Ecol. Lett. 12, 693-715 (2009).

1040 132. J. M. Chase, J. A. Myers, Disentangling the importance of ecological niches from

1041 stochastic processes across scales. Philos. Trans. R. Soc. B Biol. Sci. 366, 2351-2363
1042 (2011).

1043 133. A. Baselga, C. D. L. Orme, betapart : an R package for the study of beta diversity.

1044 Methods Ecol. Evol. 3, 808-812 (2012).

1045 134. A. Baselga, Partitioning the turnover and nestedness components of beta diversity. Glob.
1046 Ecol. Biogeogr. 19, 134-143 (2010).

1047 135. P. Legendre, M. J. Anderson, Distance-based redundancy analysis: testing multispecies
1048 response in multifactorial ecological experiments. Ecol. Monogr. 69, 1-24 (1999).

1049 136. B. H. McArdle, M. J. Anderson, Fitting multivariate models to community data: A comment
1050 on distance-based redundancy analysis. Ecology 82, 290-297 (2001).

1051 137. A. R. Longhurst, Ecological Geography of the Sea, Second (Academic Press, 2007).
1052 138. A. Bergamasco, P. Malanotte-Rizzoli, The circulation of the Mediterranean Sea: a

1053 historical review of experimental investigations. Adv. Oceanogr. Limnol. 1, 11-28 (2010).
1054 139. S.-D. Ayata, et al., Regionalisation of the Mediterranean basin, a MERMEX synthesis.
1055 Prog. Oceanogr. 163, 7-20 (2018).

1056 140. R Core Team, R: A Language and Environment for Statistical Computing. R Found. Stat.
1057 Comput. (2014).

1058 141. H. Wickham, Ggplot2: Elegant graphics for data analysis, 2nd Ed. (Springer International
1059 Publishing, 2016).

21


https://doi.org/10.1101/2023.01.13.523743
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.13.523743; this version posted January 15, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

1060 Figures

A 457 B° TR Olg R4
_— I & ¥l
] ™
401 8 Saad s P :d & 4
Sy oS- 4 2 ° = 2 g 248
351 4 AT LT 2% H
4 a0l 3 & 3 : '
North Pacific North Atlantic b R * i
Ookan et g 10 0 10 20 30 )4 ‘ i
ves . ocvRe g o 4 e
= e = 5 < ° ° °
o -y ves e 1 3 0 3 34 36 38 o1
20 - a Temperature (C?) Salinity (PSU) Fl
K} “vp1 o Indian 8o , o o
. South Atlantic Ocean o =
South Pacific : Ovéan 2
Ocean - 1 H-4 1
vRe'TTE ., = CIRP 9
o - = vPiz vPia o
el REER 2 of |2 2
e g3 :
© Malaspina 3 3 3
4 g4 LG
° °
100 ) 160 001 010 1.00 0.01 0.10 1.00 10,00 01 1.0 10.0 100
Longitude PO, (umol L) NO; (umol L) SiO; (umol L)
Cc Prokaryotes H A Picoeukaryotes i D Open ocean Mediterranean
F=28.25; p<0.001 : F=12.04; p<0.001 b
: SRF 'h*ﬂ}&
T
- S
g
B
<
MES — <~ﬁrfllf1 . _E¢gll¥f«‘ S
o
B .| " o «
S P SR T
o
. . S
1 =
Y .~ ” L ol )
062 * | | wo| || R |2
: H S
-15 -0 -05 0.0 0.5 1.0 -1 0 1 BAT + . .—,.-,; H
CAP1 CAP1
© Openocean 4 Mediterranean SRF DCM e MES e BAT 2 3 4 5 6 2 3 4 5 6

Shannon index

1063  Figure 1. The analyzed dataset covers environmentally and biologically contrasting depth
1064 zones of the ocean. (A) Geographic distribution of the sampled stations (N=149) from which
1065 seawater samples and environmental data were collected at different depth zones (see S/
1066  Appendix, Fig. S1 for sample vertical distribution) in the two cruises used in this study:
1067 Malaspina-2010 (circumglobal expedition) and HotMix (trans-Mediterranean expedition). Stations
1068 for which the whole vertical profile was studied in Malaspina are represented by crossed squares
1069 (13 stations in Malaspina). Samples were separated into “open-ocean” (Malaspina-2010 + Hotmix
1070  North Atlantic samples) and “Mediterranean Sea” (see reasoning in the Methods). (B) Vertical
1071  profiles of the environmental parameters: temperature, salinity, and fluorescence (Chlorophyll a
1072  proxy) that decrease with depth, while nutrient concentrations (NO;, PO,, and SiO.) increase with
1073  depth. Higher temperature and salinity values and lower nutrient concentrations were observed in
1074 the Mediterranean Sea, especially in the meso- and bathypelagic (S/ Appendix, Fig. S1B). (C)
1075 dbRDA analyses (based on Bray-Curtis dissimilarities) performed on picoplankton community
1076  composition of both prokaryotic (left) and picoeukaryotic (right) samples based on 16S rRNA and
1077 18S rRNA genes, respectively. Both communities were structured by depth zones and
1078 segregated between the tropical and subtropical open-ocean and the Mediterranean Sea. (D)
1079  Picoplankton diversity expressed as Shannon index by depth zones (SRF, surface; DCM, deep
1080 chlorophyll maxima; MES, Mesopelagic; BAT, Bathypelagic). See Fig. S2 (SI Appendix) for
1081 picoplankton phylogenetic diversity, gamma diversity, ASVs richness, and Pielou’s evenness
1082 index variation by depth zones and correlations with environmental variables.
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1083  Figure 2. Picoplankton community assembly processes and environmental drivers across
1084 ocean depth zones. (A) Relative importance of the ecological processes structuring the
1085 communities in different depth zones of the global-ocean: Epi- (N=240), Meso- (N=97), and
1086 Bathypelagic (N=86). The results with standard evenly-distributed sampling sizes were nearly the
1087 same (SI Appendix, Fig. S5). The EPI results separated by SRF and DCM are available in the S/
1088 Appendix (Fig. S7). (B) Percentage of variance (Adonis R?) in picoeukaryotic and prokaryotic
1089 community composition (Bray-Curtis dissimilarity) explained by each environmental variable and
1090 ocean basin. Blank spaces depict non-significant results (p>0.05). Temp — temperature; Sal —
1091  salinity; Fluor — fluorescence; Basin — ocean basin.
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1092
1093 Figure 3. Picoplankton community composition is positively related to environmental

1094 heterogeneity. Bray-curtis dissimilarities for all pairwise picoplankton community comparisons as
1095 a function of environmental distance for both prokaryotes and picoeukaryotes in the epi-, meso-,
1096 and bathypelagic of the open ocean and Mediterranean Sea. The solid curves illustrate the
1097 nonlinear regressions. Spearman’s rank correlation coefficients are depicted on the panel.
1098  Outliers with high environmental distances (>10) corresponding to pairwise comparisons with
1099 epipelagic samples from the Costa Rica Dome upwelling system were removed from the open
1100  ocean plot (SI Appendix, Fig. S12).
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1103  Figure 4. Picoplankton community composition is linked to differences in water mass
1104 composition. Bray-Curtis dissimilarity of pairwise picoplankton community comparisons as a
1105 function water mass composition dissimilarity (based on euclidean distances) for both
1106  prokaryotes and picoeukaryotes in the meso- and bathypelagic of the open ocean and
1107 Mediterranean Sea. The solid curves illustrate the nonlinear regressions. Spearman’s rank
1108 correlation coefficients are depicted on the panel. N.S.= non significant.
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1109 Figure 5. Distance-decay and sequential spatial differentiation in picoplankton
1110 communities across ocean depth zones. (A) Mantel correlograms between B-diversity and
1111 least-cost geographic distances featuring distance classes of 1,000 km for the open ocean and
1112 350 km for the Mediterranean Sea. Filled squares depict significant correlations (p<0.05). NS —
1113 non-significant correlations. (B) Sequential Bray-Curtis dissimilarity values for prokaryotes and
1114  picoeukaryotes in all depth zones (means were significantly different between domains [Wilcoxon
1115 test, p<0.05] in all depth zones, apart from the DCM). The averages were also significantly
1116  different (ANOVA, Tukey post-hoc test; p<0.001) between the SRF and the deep zones (MES
1117 and BAT) for picoeukaryotes, but not for prokaryotes. See Fig. S15 (SI Appendix) for maps
1118 showing the sequential change in community composition across space in the surface and
1119 bathypelagic ocean. The epipelagic was here separated into surface and DCM because we
1120 aimed at evaluating only the horizontal geographic distance in each depth.
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1122 Figure 6. Conceptual model synthesizing the ecological processes assembling
1123  picoplankton communities across ocean depth zones. We used the main findings of this
1124  study and the knowledge available in the literature to construct this conceptual model. Vertical
1125 variation of biotic and abiotic factors, as well as geography (e.g., bathymetry), affect the
1126  ecological processes that generate community distribution patterns. The model predicts an
1127 increasing role of dispersal limitation with depth: dispersal limitation is weaker in the epipelagic
1128 than in the meso- and bathypelagic due to faster currents, and, potentially, aerial dispersal in
1129 surface waters, compared to more isolated deeper zones. Other mechanisms taking place in
1130 deep waters such as a) barriers to dispersal (e.g. water mass boundaries, deep sea topography)
1131 or b) limited random dispersal due to low species abundances, could also explain this pattern.
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1132 Selection is the most important process structuring picoplankton communities in the epipelagic
1133 and displays a decreasing importance with depth due to higher habitat heterogeneity — driven by
1134 microalgal blooms, magnitude of the DCM and mesoscale processes (e.g.: ocean rings and
1135 fronts) — in upper than in bottom waters. The relative role of drift increases towards the deep,
1136  likely because of decreasing microbial abundances with depth. The importance of dispersal
1137 limitation is always higher in picoeukaryotes than in prokaryotes, given the smaller population
1138  sizes of picoeukaryotes and their limited capability to generate dormant stages to sustain long-
1139 range dispersal, compared to prokaryotes. Thus, a different balance of ecological processes
1140 assembles these domains, even when they share the same ocean zones.
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