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Abstract:

Planktonic microorganisms in coastal waters form the foundation of food webs and
biogeochemical cycles while exposed to pronounced environmental gradients,
especially brackish salinities. Yet, commonplace ecological assessment overlooks most
of their diversity. Here, we analyzed the protist and bacterial diversity from new and
publicly available DNA metabarcoding data collected alongside the Swedish marine
monitoring program. We show that salinity, unlike other environmental factors, had a
stronger effect on bacterial than protist community composition. The seasonality of
protist but not bacterial families showed high geographic variation. Bacterial alpha
diversity increased with dissolved inorganic nitrogen, while protist alpha diversity was
highest in near-marine salinities. Microbial community composition patterns displayed
interannual stability despite technical differences affecting the detection of rare taxa.
Co-occurrence analysis identified clusters of potentially interdependent microorganisms.
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Bayesian modeling showed that the same bacterial lineages were less likely than
protists to occur in both lower (<9 PSU) and higher (>15 PSU) brackish salinities. We
propose that protists are less ecologically sensitive to salinity due to the disconnection
of basic metabolic processes from the cell membrane through compartmentalization.
Ultimately, incorporating DNA metabarcoding into an environmental monitoring program
allowed us to connect ecological and biogeographic processes with understudied taxa
and biodiversity dynamics.

Introduction:

Microorganisms play indispensable roles in biogeochemical cycles'. Planktonic bacteria
and protists account for around half of primary production on Earth?, with a
disproportionally high contribution from coastal ecosystems3. More than a third of the
human population lives near these ecosystems* and depends on them®¢, while these
environments experience extreme anthropogenic pressures®’. Finally, coastal zones
comprise multiple land-to-sea environmental gradients, including a full range of brackish
salinities, leading to an immense diversity of habitats>2.

Baltic Sea and adjacent Kattegat and Skagerrak (hence “Baltic Sea area,” Fig.
1a) are among the best-studied coastal areas®. Recent formation (8000 years ago'?)
and pronounced environmental gradients and barriers make the Baltic Sea a model for
studying eco-evolutionary processes driven by dispersal and adaptation'’.
Simultaneously, its early exposure to anthropogenic pressures, especially
eutrophication, can foreshadow the processes awaiting other coastal regions'2. Finally,
the Baltic Sea area has a long record of microbial research. With the earliest data
coming from the XIX century'3, regular microscopy-based phytoplankton monitoring has
been run by multiple countries in the region for decades’* and since the 1980s'® in
Sweden'®. At the same time, the Baltic Sea area was one of the first brackish waters in
which bacteria and protists were surveyed using DNA metabarcoding'®-'® and
metagenomics'®20. Still, most of the unknown diversity in the Baltic Sea area is believed
to be microbial?'. The research so far has mainly focused on groups of phytoplankton
and metazooplankton?’, while the roles of other microorganisms on ecosystem
functioning are less understood.

Globally, salinity is one of the strongest factors structuring bacterial?>-2* and
protist?> communities. However, the importance of salinity has been, to a large extent,
inferred from the divide between freshwater and marine environments?6-28. Our previous
research shows brackish waters host unique bacterial species?%2°. Both microscopy-
and DNA-based surveys in the Baltic Sea area suggest pronounced shifts in surface
water microbial community composition (beta diversity) along the horizontal salinity
gradient'”18:30-32 Moreover, bacterial communities change more across the salinity
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71  gradient than between seasons®3. However, whether protists are as ecologically

72  sensitive to salinity as bacteria is less known.

73 The number of aquatic animal species tends to reach a minimum within the

74  brackish spectrum across salinity gradients?'34. For phytoplankton, patterns with a

75  maximum?3® and minimum?3' species richness (alpha diversity) within brackish waters
76  have been reported. DNA metabarcoding transect surveys of plankton showed no clear
77  patterns for bacteria'” and major eukaryotic taxa'®. At the same time, bacterial alpha
78 diversity has been observed to be lower in winter than in summer in the Baltic Sea3335,
79 consistently with patterns observed in marine environments®-3. In contrast,

80 microscopy-based analysis of phytoplankton alpha diversity has shown different

81 seasonal patterns in low and high salinities in the Baltic Sea area®2. Little is known

82  about the factors driving the seasonal patterns or confounding diversity and community
83 composition changes along the salinity gradient.

84 Here, we present the first in-detail spatiotemporal analysis of bacterial and protist
85 diversity across the Baltic Sea area. We base the analysis on a recently published DNA
86 metabarcoding dataset®, as well as new data released here, together corresponding to
87 398 samples We show how protists and bacteria differ in their ecological sensitivity to
88 salinity, compare seasonal patterns of closely related species in different regions, and
89 analyze drivers of taxonomic richness. We propose an explanation of the contrasting
90 bacterial and protist diversity patterns based on fundamental physiological differences
91 between the groups. Finally, we use co-occurrence data to identify core microbiomes
92 characteristic of overlapping conditions within the Baltic Sea area.

93 Results and discussion

94 Processing of metabarcoding data for ecologically relevant
95 metabarcoding-based analyses

96 We based the first part of our analyses on a publicly available 16S and 18S
97 metabarcoding dataset, covering stations across broad environmental gradients
98 regularly sampled throughout a year3®. After filtering procedures, we used the data from
99 246 independent samples. They came from 18 locations, extending from Bothnian Bay
100  (minimal salinity = 2.00 PSU) to Skagerrak (maximal salinity = 33.92 PSU), sampled at
101 least six times between January 2019 and February 2020 (Fig. 1a).
102 From the 16S amplicon sequence variants (ASVs), we chose only those
103 classified as Bacteria and excluded plastids and mitochondria. From the 18S
104 metabarcoding results, we excluded ASVs classified as animals (Metazoa), Fungi, land
105 plants (Embryophyceae), and macroalgae (Rhodophyta, Phaeophyceae, Cyanidiales).
106  We thus treated the remaining 16S ASVs as bacteria and 18S ASVs as unicellular
107 eukaryotes, i.e., protists.
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108 We clustered the ASVs by simultaneous genetic and distribution similarity, using
109 distribution-based operational taxonomic unit-calling (dbOTU*?; we thus call those

110  taxonomic units dbOTUs). This method groups variants corresponding to different

111 marker gene copies within one organism and other ecologically indistinguishable intra-
112  species variation. Therefore, dbOTUs should correspond to ecologically coherent

113 lineages unless the sequenced regions are identical between organisms with distinct
114  ecologies.

115 In multiple analyses, we used family-level annotation to either group or

116  characterize dbOTUs. This choice was mainly motivated by family being the lowest
117  taxonomic level at which more than half of dbOTUs (and protist reads) were annotated
118  (Supplementary Fig. S1c-f). Additionally, in experimental conditions, bacterial

119 community assembly processes tend to converge at the family level but are more

120 stochastic at lower taxonomic levels, suggesting ecologically relevant functional

121 coherence*'.

122 Finally, a controlled amount of synthetic DNA amplifiable by the metabarcoding
123 primers, i.e., spike-in, was added to the samples. This approach aims to obtain absolute
124  values (copy number per volume sample) for the marker gene (16S/18S rRNA), which
125  better estimates absolute abundance than relative counts*?. Thus, it can uncover

126  blooming and succession patterns obscured from relative abundance analysis*3. At the
127 same time, the spike-in approach is highly sensitive to differences in sample preparation
128  and amplification#?. This can lead to noisier results, especially in environmental

129  monitoring, as samples are collected by multiple researchers working in variable

130  conditions.

131 Regionally distinct seasonal dynamics of major bacterial and protist
132 taxa

133  Major bacterial (Fig. 1b) and protist (Fig. 1c¢) clades displayed distinct seasonal

134 abundance dynamics. Both their abundance and seasonal patterns differed between
135 Skagerrak, Kattegat, and the three basins of the Baltic Sea included in this study (Baltic
136  Proper, Bothnian Sea, Bothnian Bay).

137 We observed an increased abundance of cyanobacteria as early as May in the
138  Baltic Proper (Fig. 1b), consistent with microscopic observations**. The increase in

139 cyanobacterial abundance was smaller and peaked later moving northwards within the
140 Baltic Sea. In the Baltic Proper, both dinoflagellates and Gyrista (the protist subdivision
141 including diatoms), peaked in abundance in March (Fig. 1c), as observed using

142  microscopic methods*+45. The dynamics of Dinoflagellata and Gyrista differed vastly
143  between basins. However, in all cases except for Bothnian Bay, those groups increased
144 in abundance in the first half of the year. Furthermore, in Kattegat and Skagerrak, there
145 was an additional dinoflagellate peak in September, corresponding to autumn blooms.
146  Haptophyta generally displayed increased abundance between May and August.
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147  Cryptophyta were abundant in the Baltic Sea, with higher abundance in the second half
148 of the year than in the first.

149 We also observed geographic differences in abundance and seasonal dynamics
150 of major non-phytoplankton groups. Bacteroidia (Fig. 1b) peaked in abundance in May
151 across the Baltic Sea, consistently with previous reports3>46, but displayed less clear
152 seasonal dynamics in Skagerrak and Kattegat. Actinomycetia and Acidimicrobiia were
153 abundant in the Baltic Sea but not in Kattegat/Skagerrak, consistent with Actinobacteria
154  abundance patterns from transect-based studies'’-"°. Additionally, Acidimicrobiia

155 decreased in abundance between May and July, a dynamic that was more pronounced
156  moving southwards in the Baltic Sea. Finally, contrary to previous results from a

157  coastline station3546, Alphaproteobacteria and Gammaproteobacteria comprised a

158 stable proportion of the whole community throughout the year in all basins but Kattegat
159  (Supplementary Fig. S2a). Still, consistently with metabarcoding!” and metagenomic
160 transects'®, Alphaproteobacteria and Gammaproteobacteria were more abundant in
161  Skagerrak and Kattegat than in the Baltic Sea.

162 Overall, we observed geographic differences in both total abundance and

163 seasonal dynamics of major bacterial and protist taxa. There were some latitudinal

164  shifts, e.g., for cyanobacteria or Acidimicrobiia, and apparent differences between

165 Kattegat/Skagerrak and the Baltic Sea. Compared to relative abundance-based

166  analysis, spike-in correction added ecologically relevant information, as best exemplified
167 by the March dinoflagellate bloom in Baltic Proper (Fig. 1c¢) being indistinguishable

168 based on the relative abundance of Dinoflagellata (Supplementary Fig. S2b). Still, the
169 spike-in approach entailed substantial random noise, especially in less sampled basins
170  (Fig. 1b-c). Relative abundances better captured gradual succession patterns,

171  especially for bacteria (Supplementary Fig. S2a). These gradual changes likely reflect
172  sensitivity to factors other than the productivity of the system. Thus, the best

173  normalization approach depends on the goals of the analysis and suitable statistical
174  methods, at the very least until the consistency of absolute abundance quantification
175 improves.
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Fig. 1 | Spatiotemporal changes in abundance of major microbial taxa, 2019-2020 a. A
map of 18 sampling locations labeled by the name of the station and size-coded by the number
of samples collected over a period of 13 months in 2019 and early 2020. b-c. The numbers of
rRNA marker gene copies per liter annotated to b. bacterial classes and c. protist subdivisions
averaged over each month and Baltic Sea area basin (as marked in a.). The values are based
on the number of reads relative to spike-in reads, and the amount of spike-in added per volume
of sample. Only the classes/subdivisions which, on average, corresponded to >0.01 of reads
across samples are shown. Above each bar, the number of samples collected in the respective
month and basin is given. Note: Two samples (January in Bothnian Bay and September in
Bothnian Sea) are removed for protists, due to spike-in detection failure. d. The distribution of
measurements of major physicochemical and geographic parameters for each basin. DIN -
dissolved inorganic nitrogen.
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189  Salinity has a dominant impact on bacterial but not protist community
190 composition

191  The dissimilarities of bacterial and protist communities between the same pairs of

192 samples were roughly correlated (R? = 0.58). However, the protist communities were
193 generally less similar to each other than bacterial ones (Supplementary Fig. S3a), as
194  has been reported for picoeukaryotes and bacteria in ocean surface waters*’.

195 Principal Coordinate Analysis (PCoA) showed distinguishable geographic and
196  seasonal structuring of bacterial and protist communities (Supplementary Fig. S4). To
197 disentangle the environmental factors driving those structuring effects, we performed
198 distance-based Redundancy Analysis (dbRDA). We focused on five fundamental

199 environmental factors: salinity, temperature, day length (i.e., daytime length), dissolved
200 inorganic nitrogen (DIN), and phosphate. These factors did not strongly correlate with
201  each other (R? < 0.4, Supplementary Fig. S5). The dbRDA-based variation partitioning
202 showed that salinity could explain almost half of the variation in bacterial community
203 composition (Fig. 2a). The effect of salinity on protist community composition was much
204  smaller, while temperature and nutrients were of greater importance than for bacteria
205 (Fig. 2b). These results contradict the proposed rule that the distribution of smaller
206 organisms is less limited by environmental factors than that of bigger organisms*?, and
207 in particular that bacteria are less environmentally filtered than protists*°.

208 Nevertheless, for both bacterial and protist communities, there was a detectable
209 salinity divide between the Baltic Sea and Kattegat/Skagerrak, and a more gradual
210 latitudinal shift within the Baltic Sea (Fig 2c-d). The latter corresponded to decreasing
211 salinity and phosphate-to-nitrogen ratios with increasing latitude (Fig. 1d). We

212  connected those spatial changes in beta-diversity, calculated from ASV-based

213 dissimilarities, with high relative abundance of specific microbial families (Fig 2c-d). For
214  example, typically freshwater Nanopelagicaceae (acl Actinobacteria)®® and

215  Limnocylindraceae (Chloroflexi)®' were associated with the lowest salinity samples,
216  while commonly marine Rhodobacteraceae® and Thioglobaceae®? were at the other
217  end of the salinity spectrum (Fig 2c¢). Overall, many abundant and unevenly spatially
218 distributed bacterial and protist families that we identified have unknown metabolic
219 capabilities and preferred habitats. Our results suggest their potentially crucial

220 ecological importance and point to candidate niche-defining factors.
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221
222  Fig. 2 | Environmental factors explaining geographic and seasonal community

223  structuring and the most correlated families of bacteria and protists a-b. Variance

224  partitioning of bacterial (a.) and protist (b.) beta diversity, based on Bray-Curtis distances and
225  distance-based Redundancy Analysis (dbRDA). c-d. Partial dbRDA conditioned on seasonality
226  (sine and cosine of the day of the year), highlighting bacterial (c.) and protist (d.) geographic
227  community structuring. e-f. Partial dbRDA conditioned on salinity and latitude, highlighting

228  bacterial (e.) and protist (f.) seasonal community structuring. c-f. Weighted averages of families
229  deviating (Bonferroni corrected P < 0.05) were placed on the plot, with values rescaled by a
230 factor of 0.5. Percentages of variation explained by each dbRDA component are given in

231 brackets by the axes labels. DIN - dissolved inorganic nitrogen. Salinity is given in practical

232  salinity units (PSU).
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233 Closely related bacteria but not protists follow analogous seasonal
234 dynamics across the salinity gradient

235 Both bacterial and protist communities underwent gradual community composition

236 changes throughout the year in all the analyzed basins of the Baltic Sea area (Fig. 2e-f,
237  Supplementary Fig. S6). Diverse groups significantly contributed to the seasonal

238 patterns in beta diversity, ranging from known seasonally blooming diatoms

239 Thalassiosiraceae and Skeletonemaceae® to multiple uncharacterized Bacteroides
240 families.

241 In all the basins, picocyanobacteria (Cyanobiaceae) were associated with high
242 temperatures (Fig. 3a, Supplementary Fig. S6a). The rise in picocyanobacterial

243  abundance was followed by blooms of filamentous heterocyst-forming cyanobacteria
244  (Nostocacaea) in the Baltic Proper and the Bothnian Sea (Fig. 3a-b). Expectedly,

245  Nostocacaea thrived in DIN-depleted conditions (Fig. 3b-c). The nitrogen fixed by

246 filamentous cyanobacteria leaks to picocyanobacteria, which has been suggested to
247  promote the growth of the latter group in DIN-deficient conditions®. However, we

248 observed a high abundance of Cyanobiaceae in DIN-depleted Skagerrak and Kattegat,
249  where no filamentous cyanobacteria blooms occurred (Fig. 3a-c). Thus, other

250 mechanisms, potentially other diazotrophs or efficient recycling of organic nitrogen, can
251  sustain picocyanobacterial populations under nitrogen-depleted conditions. Finally, only
252  in Baltic Proper did we observe an increase in the abundance of Cyanobiaceae in

253  winter. Therefore, previously identified winter increases of certain Synechococcus sp. in
254  Baltic Proper® may be specific to this region.

255 Similar to cyanobacteria, the abundance of haptophyte families Prymensiaceae
256 and Chrysochromulinaceae were associated with high temperatures (Fig. 2f). However,
257  we could not connect any family to similar conditions across all the basins—not only
258 among haptophytes but among protists in general (Supplementary Fig. S6b). This

259  suggests that despite stronger geographic structuring of bacterial communities along
260 the salinity gradient (Fig. 2a-d), protist seasonal succession patterns differ more

261 between regions. The aforementioned haptophytes may best exemplify this

262 heterogeneity. Prymensiaceae were by far most abundant in summer in Baltic Proper
263 (Fig. 3d), while Chrysochromulinaceae bloomed at a similar time in Bothnian Bay (Fig.
264  3e). These families also increased in abundance around June in Skagerrak, largely
265 explaining the increase in overall haptophyte counts (Fig. 1c). The same cannot be said
266 about Kattegat, where haptophytes were most abundant in May (Fig. 1c). Both in

267 Skagerrak and Kattegat, Gephyrocapsa huxleyi (formerly Emiliania huxleyi) is known to
268 form summer/late spring blooms®’. As Gephyrocapsa oceanica and G. huxleyi are

269 indistinguishable using 18S metabarcoding®®, we investigated the abundance of

270  Noelaerhabdaceae, a family containing these species. Expectedly®®, we observed this
271  group to be abundant in nutrient-deficient conditions, with the inorganic N:P ratio much
272 lower than the Redfield ratio of 16:1, and only in Kattegat/Skagerrak (Supplementary
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273 Fig. S7a, d). Still, it did not explain Kattegat's high abundance of haptophytes in May.
274  We ultimately found a May bloom of Phaeocystaceae in Kattegat (Supplementary Fig.
275  S7e), which was short-lived, as is typical of Phaeocystis®’.

276 Overall, in each basin of the Baltic Sea area (except the Bothnian Sea), a

277  different set of haptophyte species bloomed under warm, nutrient-depleted conditions.
278 Ultimately, which taxa within Haptophyta flourish affects ecosystem functioning, as they
279  differ in their toxicity®’, as well as roles in carbon and sulfur cycles®. So is the case for
280 many other groups, including dinoflagellates and diatoms, which can be similarly

281 investigated using DNA monitoring data in focused studies.

282 BACL11, Bacterioides with streamlined genomes and low GC content?®, was the
283  only family other than Cyanobiaceae associated with seasonal changes in community
284  composition across all the studied regions (Supplementary Fig. S6a). However,

285 opposite to Cyanobiaceae, BACL11 thrived in cold waters (Fig. 2e, Supplementary Fig.
286  S6a). Our observations diverge from the previously suggested dinoflagellate-bloom
287  association of BACL112°. Complex seasonal patterns (Fig. 3g) of BACL11 suggest

288 dependence on a combination of factors or a factor not investigated here. On the other
289  hand, nitrite-oxidizing Nitrospinaceae®’, a winter-associated family (Fig. 2e,

290 Supplementary Fig. S6a), was clearly influenced by DIN dynamics (Fig. 3c, h). Still, their
291  abundance usually decreased before DIN depletion, as well as during the summer in
292 the Bothnian Bay, where nitrogen availability remained relatively high throughout the
293 year. A better understanding of the growth-limiting factors of Nitrospinaceae is needed
294  to explain these patterns.

295 Finally, Flavobacteriaceae showed seasonal patterns linearly uncorrelated with
296 the investigated environmental factors (Fig. 2e, Supplementary Fig. S6a). However, this
297  Bacteroides family rose in abundance at the periods corresponding to a rapid decrease
298 in phosphate availability (Fig. 3f, i), as did total Bacteroidia abundance (Fig. 1c).

299 Recently, it has been suggested that Bacteroidia, and in particular Flavobacteria, gain a
300 competitive advantage under limited phosphate availability by efficiently mobilizing

301  organic phosphorus 619283, Qur results further support this notion and suggest that

302 phosphorus availability contributes to brackish Flavobacteriaceae seasonality. Still, this
303 adaptation strategy appears limited, as less Flavobacteriaceae was detected during
304 phosphate-minimum conditions in summer. Apart from phosphorus mobilization,

305 Flavobacteriaceae are adapted to efficiently utilize algal biomass®4, which might explain
306  why they are abundant under decreasing but not increasing phosphate availability.
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308 Fig. 3 | Seasonal dynamics of selected taxa and nutrients. a-b., d-e., g-i. Numbers of rRNA
309  marker gene copies annotated to families associated with beta diversity seasonal dynamics
310 (see Fig. 2e-f). Families of cyanobacteria (a-b.), haptophytes (d-e.), Bacteroidia (g-h.), and
311 Nitrospinia (i.) are shown. The names of bacterial families are colored purple and of protist

312  families green. ¢, d. Concentration of inorganic nitrogen (c.) and phosphate (f.) across the

313  samples in 2019-2020. The lines correspond to the rolling mean for each basin, with values
314  averaged for measurements two weeks before and after each date. The same legend (a.)

315  applies to all the panels, with basins ordered from lowest to highest salinity (top to bottom). DIN
316 - dissolved inorganic nitrogen.

317 Inorganic nitrogen availability associated with bacterial alpha
318 diversity
319 Bacterial alpha diversity declined and increased rapidly (Fig. 4a) at the beginnings and

320 ends of nitrogen-depletion periods (Fig. 3c). Consistently, DIN was the environmental
321 factor by far best-explaining variation in bacterial richness using a linear model (Fig. 4c).
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322 Many bacteria use inorganic nitrogen as an energy source or an electron

323  acceptor in nitrification and denitrification processes. In the previous analyses, we found
324  the nitrate oxidizers Nitrospinaceae associated with high-DIN winter conditions in

325 multiple basins. Among dbOTUs preferentially found in high DIN (>0.5 umol) conditions,
326 a few families other than Nitrospinaceae were overrepresented (Fig. 4e). Among them
327 was UBA2979 (corresponding to Ca. Bathosphaeria®®, Chloroflexota) and

328 Rhodospirillaceae, with representatives containing genes for nitrate reduction>'-6°.

329 Indeed, the latter family, while comprising diverse metabolic strategies, includes major
330 marine denitrifiers®®-67. Moreover, representatives of UBA8477 (Marinisomatota, 100%
331  barcode (ASV4915) sequence identity with clade SHBH114188 representatives

332 confirmed using BLAST®?) express genes for nitrous oxide reduction®. While

333 denitrification is an anaerobic process, anoxic microenvironments can form in organic
334 particles suspended in surface waters’® and sustain denitrification”". Indeed, such

335 oxygen-depleted microniches have been found during cyanobacterial blooms in the
336  Baltic Sea but with low denitrification rates connected to insufficient nitrate

337  concentrations in the surrounding water”". Still, a spatiotemporal metagenomic study is
338 needed to confirm the connection between the higher taxonomic diversity and the

339 nitrogen-related metabolic capabilities.

340 Inorganic nitrogen availability opens up niches for nitrifying and denitrifying, thus
341  potentially directly contributing to increased bacterial dbOTU richness in winter. Still,
342 other factors are likely also involved. It has previously been suggested that lower

343  bacterial alpha diversity in summer than in winter results from the effects of

344  cyanobacterial blooms on metabarcoding data®3. Cyanobacteria would thus dominate
345 the 16S rRNA pool, decreasing the probability of detecting other taxa, even if those

346 taxa’s abundances remain stable. However, bacterial dbOTU correlated much more
347  weakly with the relative abundance of cyanobacteria than with DIN in our dataset

348 (Supplementary Fig. S8). Neither could the higher alpha diversity easily be explained by
349  autumn water mixing, as previously suggested®?, as bacterial dbOTU richness remained
350 high throughout the winter (Fig. 4a). Also, day length, strongly correlated with bacterial
351 alpha diversity in a marine time series®-3 had smaller explanatory power in our

352  spatiotemporal analysis, mainly overlapping with covarying factors (Fig. 4c). Finally,
353 nutrient depletion comes from and is maintained by subsequent blooms of different

354  protist and bacterial phytoplankton groups. Thus, DIN-associated low dbOTU richness
355 might also be indicative of the biological effects of these disrupted conditions. However,
356  we would then expect a similar DIN-dependency among protists, which is not the case
357 (Fig. 4b and d).
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359 Fig. 4 | Seasonal dynamics of alpha diversity across regions a-b. Mean number of bacterial
360 (a.) and protist (b.) dbOTUs found across 100 refraction iterations (dbOTU richness). The lines
361 for the distinguished Baltic Sea area basins correspond to the rolling mean, with values
362 averaged for measurements two weeks before and after each date. c-d. Variance partitioning of
363  bacterial (c.) and protist (d.) dbOTU richness. e. Number of dbOTUs found significantly (FDR <
364  0.01 based on Wilcoxon test) more often in high DIN (> 0.5 ymol/l) and low DIN (< 0.5 pmol/l),
365 respectively, in the Baltic Proper. The differentially present dbOTUs are grouped by major
366  bacterial classes (classes with relative abundance in the whole dataset > 0.01). Families
367  overrepresented among the differentially present dbOTUs (FDR < 0.01 based on
368  hypergeometric test) have been named. If the family came from an unlabeled class, the name of
369 the class is given on the left-hand side of the family’s name. f. Same as e., but comparing protist
370  dbOTUs more often found in high (>10 PSU) and low (< 10 PSU) salinity, grouped by major
371  protist subdivisions.
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372 Higher protist alpha diversity in near-marine salinities

373  Protist dbOTU richness was strongly associated with salinity and was especially high in
374  Kattegat and Skagerrak (Fig. 4b, d). Similarly, metazooplankton and fish alpha diversity
375 in Skagerrak and Kattegat is higher than in the Baltic Sea, due to many marine species
376 in higher brackish salinities, outweighing the presence of freshwater species in lower
377 salinities?!. The Baltic fauna comes mainly from a limited number of local adaptations to
378 brackish conditions following the last glaciation period'"?'. In contrast, for Baltic Sea
379 bacteria, we recently showed evidence against widespread occurrence of such local
380 adaptation, but rather colonization by a global brackish microbiota?®. Consistently, both
381 this (Fig. 4a, c) and previous studies'”-8:3% showed no evidence for decreased bacterial
382  diversity in the Baltic Sea compared to Kattegat/Skagerrak. Whether the observed

383  protist diversity pattern originates from a selected group of locally adapted species, as is
384 the case for animals, is yet to be determined. Notably, unlike bacteria’, marine protist
385 species show a considerable dispersal limitation?®.73, If the same is true in brackish

386 waters, it would decrease the chances of colonization by brackish protists from distant
387 locations, promoting local adaptation.

388 Among dbOTUs more often found in high salinity (>15 PSU), there were multiple
389 families of Syndiniales (“Dino-Group” clades, Fig. 4f). These parasitic dinoflagellates are
390 known to be more abundant and diverse in marine than freshwater environments”.

391  Similarly, all described” MAST-37%, Florenciellales’”.78, and Phaeocystis’ species are
392 marine (and all Phaeocystaceae we found were annotated to the genus Phaeocystis).
393 As Cyclostephanos, Stephanodiscus, and Discostella are annotated to

394  Stephanodiscaceae in the PR2 database’®, it leaves Thalassiosiraceae as a family with
395 a majority of representatives from marine environments®8!. Systematic analyses with
396 higher taxonomic resolution are needed to determine to what extent marine protists
397  populate the higher brackish salinity ranges, as in Kattegat and Skagerrak.

398 Temperature was the second factor most strongly associated with protist alpha
399 diversity (Fig. 4d), and in most basins, dbOTU richness increased from March to

400 September (Fig. 4b, Supplementary Fig. S7b). This pattern might, however, reflect a
401 slow recovery after spring blooms. Still, temperature was also the factor best explaining
402 protist beta diversity (Fig. 2b), and our results therefore suggest that both common and
403 rare protists might be more susceptible to the direct effects of climate change than

404  Dbacteria.

405 Interannual stability of microbial community composition

406 To complement the 2019-2020 data analyzed above, we performed metabarcoding on
407  stored DNA extracted from samples collected between 2015 and 2017 (Fig, 5a.b). The
408 new dataset, corresponding to 143 samples, covered the southern range of the 2019-

409 2020 dataset (Fig. 1a, Fig. 5a). Similarly to the 2019-2020 dataset, it mainly
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410 corresponded to a 13-month long time-series, between February 2016 and March 2017,
411  with a few extra samples from 2015 from one station (Slaggo, Fig. 5a). There were

412  minor differences in sample processing between the two datasets, most notable being:
413 DNA extraction kit, different lllumina sequencing systems, and lack of spike-in

414  sequences in the 2015-2017 dataset (see Methods for more details).

415 Overall, the community composition in the two datasets differed minimally,

416 following the spatial and seasonal environmental gradients in an analogous manner
417  (Fig. 5c-f). This apparent interannual stability of community composition is consistent
418  with previous observations from the Baltic Sea*®82 and other waters®3. Finally, the

419  similarity of communities between the two datasets shows that their technical

420 differences have little impact on the observed general community composition (Fig. 5e-
421 ).

422 Only a two-year break separated the datasets. The seasonal patterns likely

423 change over longer time scales, as, e.g., climate change has altered the phytoplankton
424  bloom dynamics in the Baltic Sea over decadal scales®*. As climate change

425 accelerates® and nutrient inputs are being decreased in the Baltic Sea®, the microbial
426 communities may shift in unforeseen directions. These changes may result not only
427  from shifting abiotic factors but also from biotic interactions, as, e.g. invasive species
428 introduction can alter microbial community dynamics®’. A reproducible monitoring

429 scheme encompassing diverse taxa, achievable with DNA-based methods, is crucial for
430 understanding and informed responses to unforeseen changes.

431 In contrast to community composition, alpha diversity differed significantly (P <
432 10 in both cases) for both bacteria and protists (Fig. 5g-h). We doubt this increase,
433 amounting to hundreds of dbOTUs on average, represents an actual biological change.
434 Instead, it likely originates from the technical differences between the datasets. We

435 Dbased our alpha-diversity estimates on rarefaction as it performs best in removing

436 sequencing depth biases®® (expected due to different lllumina sequencing systems used
437 for the datasets). Moreover, in both datasets, rarefaction curves were saturated,

438 suggesting that extra reads would not change alpha diversity much (Supplementary Fig.
439 S9). Thus, another technical difference likely caused the dbOTU difference between
440 datasets. Its identification would require additional investigation. Ultimately, our results
441  suggest more caution is needed when comparing alpha diversity than beta diversity
442  across datasets.
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444  Fig. 5 | Bacterial and protist diversity across datasets collected in 2015-2017 and in 2019-
445  2020. a. A map of 12 sampling locations labeled by the number of samples collected between
446  August 2015 and March 2017 (the 2015-2017 dataset), with all the 2015 samples coming from
447  Slaggo in Skagerrak b. The distribution of measurements of major physicochemical and

448  geographic parameters for each basin in the 2015-2017 dataset. c-d. Principal Coordinatet
449  Analysis (PCoA) based on Bray-Curtis dissimilarities of bacterial (c.) and protist (d.)

450 communities across the 2015-2017 and 2019-2020 datasets. e-f. Variance partitioning of

451 bacterial (e.) and protist (f.) diversity, based on Bray-Curtis distances and distance-based

452  Redundancy Analysis (dbRDA). Dataset stands for a dummy variable differentiating the

453  samples collected in 2015-2017 and 2019-2020. g-h. dbOTU richness of bacteria (g.) and
454  protists (h.) in the two datasets. Only dbOTU richness values for stations present in both

455 datasets have been used. Moreover, samples were chosen in pairs, from the same station and
456 the same month of the year but different datasets. Sample pairs with the lowest distance in
457  terms of the day in a calendar year were chosen. P values obtained using pairwise Wilcoxon
458  signed-rank test are given above each plot. DIN - dissolved inorganic nitrogen. dbOTU -

459  distribution-based operational taxonomic unit.
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460 Clusters of exclusively co-occurring microorganisms point to
461 potential interdependencies

462 We performed a custom co-occurrence analysis identifying the pairs of dbOTUs most
463 consistently found with but not without each other (FDR < 0.01 for both co-presence and
464 co-absence), i.e., “exclusively co-occurring”. These pairs correspond to either

465 unprecedented examples of synchronized environmental filtering or dependence of at
466 least one dbOTU on another. Thus, the clusters of co-occurring taxa we observed (Fig.
467 6a) represent either convergently evolved niche spaces or webs of interdependent

468 organisms.

469 We found three clusters of exclusively co-occurring microorganisms (Fig. 6a). All
470 the clusters contained bacteria with streamlined genomes and known metabolic

471 dependencies. Pelagibacteraceae (SAR11), HIMBS9 (formerly included in the SAR11
472 clade), D2472, and pelagic Methylophilaceae all have unusually small genomes missing
473  essential functions®®-92, A further, systematic, genome-based analysis is needed to

474  assess whether the other members of the clusters metabolically complement the

475 streamlined bacteria. At the very least, BACL14 (a genus to which Methylophilaceae
476  from clusters 1 and 3 belong) and MB11C04 can provide vitamers that

477  Pelagibacteraceae depend on®. Importantly, despite potentially providing the resources
478 to Pelagibacteraceae, pelagic Methylophilaceae usually have streamlined genomes®?
479 (and all BACL14 representatives in GTDB release 09-RS220°% have genomes smaller
480 than 1.5 Mbp). Overall, the co-occurrence within the clusters might largely correspond
481  to the dynamics of the “Strong Black Queen Hypothesis™®. That is, the clusters might
482 represent metabolically interdependent taxa that need to disperse together to establish
483 themselves in a new location. Consequently, the inability of some species to cross the
484  environmental barriers might affect the whole cluster.

485 The distribution patterns of the exclusive co-occurrence clusters across the

486  salinity barrier were even more pronounced based on abundance (Fig 6b-d) than the
487 presence/absence of dbOTUs (Supplementary Fig. S10), despite the co-occurrence
488 analysis being based on the latter data type. Clusters 1 and 3 showed strong

489 preferences for high and low salinities, respectively. They also consisted almost entirely
490 of bacterial dbOTUs. In contrast, cluster 2 spanned across the entire salinity gradient.
491 However, it was less abundant and incompletely represented in the least saline samples
492  from the northernmost location. The bacteria-to-protists ratio in cluster 2 was 2:1, on par
493  with the ratio for the whole set of dbOTUs considered for this analysis (2.005:1.000).
494  These results further support the notion of a stronger salinity limitation among bacteria
495 than protists. However, if these microorganisms truly are interdependent, the effects
496 might be amplified, as the salinity sensitivity of one dbOTU would affect the others.

497 The exclusive co-occurrence clusters were generally abundant and present

498 together throughout the year (Fig 6b-d). However, in the warmest season, their

499 geographic ranges decreased (Fig 6b-d). Some representatives were absent even in
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500 the preferred salinities. The seasonal disappearance might be imposed by competition
501 for depleted nutrients or enhanced grazing on bacteria during the summer®-, The
502 persistence of other members of the clusters might largely depend on cyanobacteria
503 providing the functions of the missing bacteria. For example, during the summer,

504 picocyanobacteria are the main producers of vitamers®3, on which other bacteria

505 depend.

506 Overall, our results suggest the existence of groups of potentially interdependent
507 microorganisms that tend to spread together. Their differential presence and abundance
508 highlight that the salinity gradient, limiting the ranges of some microorganisms, also
509 changes the biotic conditions for the rest of the community.

510
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511
512  Fig. 6 | Co-occurring bacterial and protist dbOTUs. a. Grey lines link pairs of dbOTUs

513  occurring in and being absent from the same samples (FDR > 0.01 based on beta distribution,
514  corresponding to the less common dbOTU being present in at least 86% of the samples in

515  which the more common one was found and absent from all the samples where the more

516 common one was not found). Each dbOTU is labeled by annotation to bacteria or protists, a
517  class or subdivision (only taxa corresponding to >1% of all reads are labeled), and family (if
518 available). The three largest clusters are distinguished and ordered by the number of dbOTUs
519  belonging to them. Samples from both the 2015-2017 and 2019-2020 datasets were used to
520  build the network. Only dbOTUs present in at least ten samples were considered for the co-
521 occurrence analysis. b-d. Relative abundance based on spike-in normalized counts summed
522  over dbOTUs from each cluster across the 2019-2020 dataset. On the top and the right axes of
523  each plot are density plots based on mean spike-in normalized abundance per month (top) and
524  per unit salinity (right). The median given above each plot, unlike the means for the density
525 plots, is based only on samples in which at least one dbOTU from the cluster was present. The
526 same legend (d.) applies to panels b-d. Temperature is given in degrees Celsius (°C). dbOTU -
527  distribution-based operational taxonomic unit.
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528 Bacterial dbOTUs are less likely than protist dbOTUs to occur at both
529 high and low brackish salinities

530 The salinity gradient in the Baltic Sea area contains a characteristic, rapid shift across
531 the Danish straits. Consequently, our data contained geographically proximate samples
532 from lower (<9 PSU) and higher (>15 PSU) brackish salinities (Fig. 1a, Fig. 5a). Our
533 previous analyses showed the separation across this salinity barrier to be the strongest
534  structuring effect on microbial communities, though less so for protists than for bacteria
535 (Fig. 2c-d, Supplementary Fig. S4).

536 We further investigated whether bacteria are, in general, less likely to cross this
537 salinity barrier between lower and higher salinities. First, the proportion of protist

538 dbOTUs crossing the salinity barrier was significantly higher than the proportion of

539 bacterial dbOTUs (Fig. 7a, Supplementary Fig. S11). Based on comparable subsets of
540 samples, the proportion of both bacterial and protist dbOTUs crossing the salinity barrier
541  was higher in the samples from 2016-2017 than from 2019-2020 (Supplementary Fig.
542  S11b-c). This suggests that the above noted differences in alpha diversity (Fig. 4g-h)
543 may be due to a higher sensitivity of the sequencing approach used for 2015-2017 data,
544  not technical artifacts. Still, we based further analyses on the 2019-2020 dataset, since
545 that allowed us to use spike-in normalized counts as an abundance metric comparable
546  between bacteria and protists. Furthermore, to minimize the effects of other

547  environmental filtering effects (especially climate), we chose the same number of

548 stations and samples across the salinity barrier (see Methods for details).

549 The proportion of barrier-crossing bacteria and protists may be affected by

550 detection biases coming from differences in relative abundance, length of vegetative
551  season, and environmental filtering by factors other than salinity. Bacteria were on

552  average more abundant in terms of rRNA gene marker copy numbers (Supplementary
553  Fig. S12a). As protists tend to have higher rRNA copy numbers per cell'?8, this

554  difference likely translates to even larger difference in cell numbers, which is likely the
555 most relevant abundance measure in the context of dispersal capabilities and detection
556 probability. Meanwhile protists were present in more samples at one side of the salinity
557  barrier (Supplementary Fig. S12b). Overall, being similarly widespread on one side of
558 the salinity barrier, bacteria were more abundant (Supplementary Fig. S12c-f). Still,
559 across the occupancy values, a higher proportion of protists crossed the salinity barrier
560 (Fig. 7b). The same was true across the abundance values, apart from the most

561 abundant outliers, which were barrier-crossing dbOTUs among bacteria but not protists
562 (Fig. 7c). Generally, across different occupancy and abundance values, a higher

563  proportion of protists crossed the salinity barrier (Fig. 7d, Supplementary Fig. 12g-h).
564 To confirm that protists are more likely to cross the salinity barrier, we build a
565 Bayesian model using a Monte Carlo Markov Chain (MCMC) based on Just Another
566 Gibbs Sampler®® (JAGS). The model, based on the Bernoulli distribution, calculates the
567  probability of crossing a barrier from logistic regression based on the maximal
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568 occupancy on one side of the barrier, geometric mean abundance, and whether a

569 dbOTU is a protist or a bacterium. After model selection based on the Watanabe-Akaike
570 information criterion'®, we chose a version of the model assuming the probability

571 dependence on the other variables follows a different function for bacteria and for

572  protists (see Methods for details). The model predicted protists to be more likely to

573 cross the salinity barrier across the occupancy and abundance values, both on average
574  (Fig. 7e, Supplementary Fig. S12i-j) and in a majority of MCMC iterations (Fig. 7f). The
575  probability that protists are more likely to cross the salinity barrier was consistently close
576 to one except for dbOTUs with low occupancy and high abundance, in which case

577  detection biases might outweigh the biological signal. Finally, the model consistently
578 showed a positive relationship between occupancy and the probability of crossing the
579  salinity barrier (probability = 1 for both bacteria and protists). Meanwhile, an

580 independent effect of abundance was much less certain (probability of positive effect =
581 0.526 for protists and 0.614 for bacteria).

582 Finally, using a similar approach, we built a Bayesian model of total occupancy
583 as a function of the occupancy at the more occupied side of the salinity barrier, based
584  on the Poisson distribution. From this model we calculated the predicted occupancy on
585 the less occupied side of the salinity barrier, and compared it to the experimental values
586 (Fig. 7g). The model and the data showed that protists not only more often crossed the
587 salinity barrier, but also were, in general, more widespread in the less preferable salinity
588 regime.

589
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591  Fig. 7 | Proportion and probability of bacteria and protists (being) found in both high (>15
592 PSU) and low (<9 PSU) brackish salinity. a. The number and proportion of bacterial and
593  protists dbOTUs found in high (>15 PSU), low (<9 PSU) brackish salinity, and across the salinity
594  barrier. b-c. The proportion of barrier crossing doOTUs for each value of maximal occupancy at
595 one side of the salinity barrier (b.) and across forty bins of mean abundance (c.). The proportion
596 of all dbOTUs that lie within each bin is also given. The values are rolling means across +/- two
597  bins. d. The difference in the proportion of protist and bacterial barrier crossing dbOTUs. Grey
598 tiles correspond to the values across which either no protist or no bacterial doOTUs were found.
599 e-g. Results from Bayesian modeling. e. The mean difference in the predicted probability of a
600 protist and a bacterial dbOTU crossing the salinity barrier. f. The probability (proportion of
601 MCMC iterations) that protists are more likely to cross the salinity barrier. g. The occupancy at
602 the less occupied side of the salinity barrier as a function of the occupancy at the more occupied
603 side. The points correspond to means of the experimental values. The lines correspond to the
604  values predicted from the model with 95% confidence intervals. The dashed black line is the
605 identity line. For all the analyses, only the four stations with salinity >15 PSU, and four out of the
606  most saline stations with salinity <9 PSU are chosen. The data for each station is downsampled
607 to the same number of observations. During downsampling, samples closest in time to the
608 samples from the least sampled station were chosen. Only observations from 2019-2020 are
609 included. The abundance values correspond to numbers of rRNA copies per liter, based on the
610  spike-in normalization, and are always given on a logarithmic scale. “Occupancy preferred side”
611 and “occupancy other side” refer to the maximum and the minimum occupancy at one of the two
612 sides of the salinity barrier, respectively.
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613 Proposed explanation of the stronger ecological sensitivity to salinity
614 among bacteria than protists

615 We propose that compartmentalization makes eukaryotic cells (thus, protists) more
616 acclimatable than prokaryotic ones (thus, bacteria) to a different salinity regime (Fig. 8).
617 In a compartmentalized cell, crucial metabolic processes happen across internal

618 membranes. External ion concentrations and pH do not directly affect these processes.
619 Notably, in eukaryotic cells, the proton motive force used for ATP synthesis is

620 maintained along the inner membranes of mitochondria and plastids. In contrast,

621  prokaryotes usually produce proton motive force across the cellular membrane directly
622 exposed to the external environment. While eukaryotic cytosolic pH is kept at stable,
623 neutral levels'®!, marine and brackish waters are buffered and usually slightly alkaline
624 (pH~8)?"192 Thus, in the presence of sea salt, some transferred protons are consumed
625 in reactions with (bi-)carbonates or hydroxide. Consequently, many marine bacteria
626 preferably use sodium motive force, i.e., Na*-gradient across the membrane, for

627 transmembrane transport, motility, and/or ATP production927.103.104 The competitive
628 advantage of this strategy diminishes with decreasing salinity (in a logarithmic manner,
629 assuming stable intracellular ion concentrations'®), and so likely does the relative

630 abundance of bacteria using it. Finally, many protists also have additional organelles
631  with osmoregulating functions, especially the contractile vacuole'%.
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Fig. 8 | The proposed mechanistic explanation for higher ecological sensitivity to salinity
for bacteria than for protists. The cells and their components are drawn schematically and do
not accurately represent sizes and shapes. All the cell components, except the protist nucleus
and bacterial nucleoid, correspond to the machinery responsible for processes indicated by the
arrows leading from them. Statements based on our results are written in italics. This figure was
created using images from Togo Picture Gallery'®” Servier Medical Art
(http://smart.servier.com).

Conclusions:

We show multiple lines of evidence that salinity, generally, has a stronger impact on the
distribution of bacteria than protists. We propose that compartmentalization allows
protists to acclimatize to a different salinity regime more easily (Fig. 8). Importantly, as
further validation is needed, these considerations apply to withstanding different
salinities in a competitive environment, and not necessarily to salinity ranges that
isolated cultures can withstand. Nor does the proposed explanation apply to adaptation
through long-term evolutionary changes. Finally, our theoretical model could be
extended to pH, as we already discussed the bioenergetic aspects in this context (Fig.
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649 8). Consistently, in soil, pH has a dominant effect on the community composition of
650 bacteria but not fungi'®.

651 We found that nitrogen-rich waters host higher numbers of bacterial taxa.

652 Furthermore, we connected this increase in alpha diversity to an overrepresentation of
653 nitrite oxidizers and denitrifiers. As eutrophication ultimately leads to an increase in

654 harmful algal blooms and subsequent nutrient depletion%?, the conclusion should not be
655 that adding nitrogen increases bacterial diversity. Instead, what requires more focus is
656 the nitrogen cycle-related roles of the rare taxa from nitrogen-rich waters. A monitoring
657 scheme sensitive to their presence is needed to understand their susceptibility to

658 environmental disruptions and subsequent impacts. DNA-based methods may well be
659 the only feasible option at present.

660 We show geographic differences not only in microbial community composition
661 but also in the seasonal dynamics of closely related taxa, especially protists. These
662 differences occur at both broad and more fine-grained taxonomic levels. Thus, time-
663 series results from multiple and diverse locations should be integrated for

664 generalizability and proper interpretation. We compared a publicly available DNA

665 metabarcoding dataset with newly sequenced samples from an earlier monitoring effort.
666 \We observed interannual stability of community composition relative to the

667 environmental conditions. However, minor technical differences between the datasets
668 confounded alpha diversity analysis. Thus, a standardized DNA-based scheme is

669 needed to monitor rare microbial taxa.

670 Using DNA metabarcoding, we could connect bacterial and protist diversity to the
671 ecosystem processes in the Baltic Sea. Apart from detecting major already-known

672 dynamics, we highlight overlooked taxa that may have crucial roles in nutrient cycling in
673  brackish waters. Moreover, we show how salinity and inorganic nitrogen availability
674  affect microbial diversity, with conclusions generalizable beyond the coastal waters.
675  Still, DNA metabarcoding allows only the monitoring of phylogenetic diversity at a

676 limited resolution. Metagenomics and other omics methods can uncover full-scope

677 genetic diversity and its functional potential.

678 Ultimately, as Earth's environments undergo rapid change, microorganisms from
679 diverse, often understudied groups will be impacted and/or consequential for the future
680 trajectory of coastal and other ecosystems. DNA-based monitoring covers the

681  phylogenetic scope needed to understand and respond to those unprecedented

682 changes.
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683 Methods:

684 Data collection and sequencing

685 The 2019-2020 data comes from Latz et al. 20243°. The collection and sequencing
686 procedures are described in detail therein. In brief, samples were collected monthly or
687 every second week, depending on the location, as a part of the Swedish National

688 Marine Monitoring Program. The samples for metabarcoding were collected using a
689 depth-integrating hose, covering 0-10m (except 0-5m at RANEA-1, and 0-20m at B1
690 and BY31). 500 ml of water from the hose sampling was filtered using 0.22 ym pore
691  size. DNA was extracted using the Zymobiomics™ DNA miniprep kit following a

692 modified protocol’'?, and spike-in DNA was added. The DNA was sequenced using
693 lllumina™ MiSeq flow cells. For 16S rRNA gene-based metabarcoding of prokaryotes,
694  primers targeting the hypervariable V3-V4 regions'’, and for 18S metabarcoding of
695 eukaryotes, primers targeting the V4 region''", were used. Phased primers''? were
696 used for both 18S (on the forward primer) and 16S (on both primers) metabarcoding.
697 Sequences of the primers and the details of the phasing strategy and sample indexing
698 through a second PCR can be found in Latz et al. 2024%°. Physico-chemical and

699 geographic data has been obtained from the Swedish Meteorology and Hydrology
700 Insitute’s service SHARKweb: https://sharkweb.smhi.se/hamta-data/

701 The 2015-2017 data was used for the first time for this study. The samples were
702  stored at -80°C. DNA was extracted in the summer of 2017 and stored at -20°C until
703  February 2023. The sampling and sequencing procedures were analogous to the one
704  for 2019-2020 data, with a few exceptions:

705 1. Volumes varied from 200ml to 800ml. According to our previous tests run in the
706 same setting, volumes 2200ml should capture the microbial community structure
707 equally well*.

708 2. DNA extraction was performed using Qiagen™ DNeasy PowerWater Kit, and not
709 ZymoBIOMICS™ DNA Miniprep Kit with a small modification''? as for the 2019-
710 2020 dataset.

711 3. No spike-in DNA was added.

712 4. lllumina™ NextSeq, rather than MiSeq system, was used.

713 5. For 18S, the initial use of 20 cycles for the first PCR amplification was

714 insufficient, leading to many library preparation failures. It was then re-run with 24
715 cycles, and the results of both runs were merged after processing the tables by
716 summing up the counts in the output count table.

717 6. For 18S, reverse primers were also phased, following a sequence

718 (CTACGA)CTTTCGTTCTTGATYRR, with versions of the primer starting from

719 any base in the brackets included in the primer mix.
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720 Samples from other projects, which we did not analyze in this study, were sequenced
721  simultaneously and submitted to the European Nucleotide Archive (ENA) all together.

722 Processing of sequencing data

723  The data processing for 2019-2020 samples has been described in detail in Latz et al.
724  2024%, In brief, the phased primer sequences were removed from the obtained reads
725 using a modified version of a cutadapt''3-based pipeline (original pipeline taken from:
726  https://github.com/biodiversitydata-se/amplicon-multi-cutadapt). DADA2''4 version

727 1.18.0 was used to denoise the data, infer amplicon sequence variants (ASVs), and
728  taxonomically annotate them. For taxonomic annotation of 16S ASVs, we used 16S
729 sequences from GTDB'"® version R06-RS202-1 corrected for mislabeled sequences
730 using SATIVA'6117 Annotation was additionally conducted using the SILVA

731 database''® version 138.1 to identify plastids and mitochondria. The 18S ASVs were
732  annotated using the PR2 database’® version 5.0.1.

733 The 2015-2017 data was analyzed the same way, with the only difference being
734  that the denoising and ASV inference with DADA2 was performed using the nf-

735  core/ampliseq pipeline''® version 2.7.0 instead of an in-house R script. We kept the
736 DADAZ2 parameters as in Latz et al. 202439,

737 We further combined the 2015-2017 and 2019-2020 data. We matched ASVs
738 using exact matching. On the merged ASV-sequence list and count table, we ran an
739  additional chimera removal step using UCHIME v1'2° and clustered the remaining ASVs
740 based on their simultaneous genetic and distribution similarity using dbOTU34°. Both
741  these steps were performed using an in-house pipeline available at:

742  https://github.com/kjurdzinski/chimera dbOTU pipeline. Default parameters were used
743  for UCHIME, and for dbOTU#, only the maximum genetic distance for 16S has been
744  changed to 3% (instead of the default 10%). The procedure should minimize the

745 influence of intra-specific variation on our data and further reduce the effects of PCR
746  amplification and sequencing errors. We called thus obtained taxonomic units dbOTUs
747  (distance-based operational taxonomic units, as inferred using doOTU340)

748 For both 16S and 18S, we removed dbOTUs with no annotation at the

749  phylum/supergroup taxonomic level. From 16S dbOTUs, Archaea, plastids, and

750 mitochondria were removed. Thus, the remaining ASVs should correspond to bacteria.
751  From 18S ASVs, animals (Metazoa), Fungi, land plants (Embryophyceae), and

752 macroalgae (Rhodophyta, Phaeophyceae, Cyanidiales) were removed. Thus, the

753  remaining ASVs were primarily protists.

754 We kept spike-in dbOTUs in a separate table and used them only to obtain spike-
755 in corrected abundance, i.e. the inferred number of rRNA copies per liter. The rRNA
756  copier per liter were calculated according to the equation:
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757 rRNA copies per liter
dbOTU counts
758 = — -
spike — in counts
750 o amount of spike — in afided [g] . 6.022
volume water sampled [l] X spike — in molar mass (g/mol]
760 x 1023
761
762 We have excluded over- and under-sequenced samples to remove the
763  amplification errors (including distorted relative abundances) and not to rarefy to too low
764  aread number during rarefaction. We have excluded three samples with less than
765 30,000 reads for bacteria, as well as one sample with more than 2,000,000 reads.
766  Moreover, we have excluded two samples from 2019-2020 with more than 200,000
767  protist reads (this number of reads was normal for 2015-2017 data since lllumina™
768 NextSeq was used instead of MiSeq, yielding overall higher numbers of reads).
769  Additionally, one sample (20191015_263953_1) with suspected contamination has
770  been excluded.
771 For comparability of results for protists and bacteria, we used only the samples
772  with data available from both 16S and 18S amplicon sequencing (excluding the under-
773 and over-sequenced samples) for all the further analyses. Additionally, in two samples
774  (station RANEA-2 on 2019-01-29 (sample ID: 20190129 263856_1) and B7 on 2019-
775  09-17 (sample ID: 20190917_264450_1)) 18S spike-in addition failed. Those samples
776  were excluded from analyses in which spike-in normalization was used, except for
777  bacteria-only focused analyses in Fig. 1b and Fig. 3a-b, g-i.

778 Abundance, alpha and beta diversity spatiotemporal patterns

779  For the spatiotemporal analysis of abundance, beta- and alpha diversity across the

780 samples from 2019-2020, we removed the samples from stations H4, BY29 /LL 19, and
781  SR3. Those stations were sampled at only a few unevenly distributed times, and their
782  exclusion/inclusion at certain seasons could obscure seasonal patterns.

783 All the statistical analyses and data visualization was performed using R version
784  4.2.2'%' Inkscape'?? was used to assemble multi-panel figures and to make Fig. 8.
785 The multivariate analyses were performed using vegan R package'?, and all the

786  functions in this paragraph can be found there unless another package is explicitly

787  stated. Bray—Curtis distances between communities were obtained using rarefaction via
788 the avgdist function. Those distances were used for Principal Coordinate Analysis

789 (PCoA) and distance-based Redundancy Analysis (dbRDA), performed with,

790 respectively, capscale (without setting constraints) and dbrda functions. Variance

791  partitioning was performed using rdacca.hp R package'?*. Families were positioned on
792  the ordination plots by calculating weighted averages (sppscores function). Only the
793 families deviating (Bonferroni corrected P-value < 0.05) from normal distribution around
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794  the center of the dbRDA coordinate system were shown on the plots. To find the

795 corresponding two-dimensional ellipsoid confidence intervals, aspace'?® package was
796 used. Whenever only samples were visualized, their ordination scores were scaled

797 using the eigenvalues, and symmetric scaling was used if both the families and the
798 samples were visualized (using, respectively, “sites” and “symmetric” scaling options of
799 the plotting functions respectively). For dbRDA and variance partitioning, we used a
800 subset of 228 (out of 246) samples with all the environmental variables of interest

801 available. For more informative visualization, to keep the sample structuring visible

802 despite very high family scores, we divided the family scores in half.

803 dbOTU richness was calculated as the mean number of dbOTUs detected in a
804 sample over 100 rarefaction iterations. Variance partitioning was performed using

805 rdacca.hp R package'?*. dbOTUs differentially present in high/low DIN/salinity were
806 identified using the Wilcoxon signed-rank test based on presence/absence data. The
807 families overrepresented among these dbOTUs were found using a hypergeometric test
808 (Fisher’s exact test).

809 Co-occurrence analysis

810 dbOTUs found in at least ten samples across the 2015-2017 and 2019-2020
811  datasets were considered for the co-occurrence analysis. Their presence/absence data
812  was used to calculate the proportion of samples in which they were co-present relative
813 to the number of samples in which the more widespread dbOTU was found:

Nig j
max(N;, N;)
815  Where i and j stand for two different dbOTUs, N; g ; is the number of samples in which
816  both dbOTUs were found, and N; and N; are the total numbers of samples in which
817 each dbOTU was present.
818 Additionally, a co-absence value was calculated, also relative to the more
819  widespread dbOTU:

814 co_presence;; =

N_ g j
min(N_|i, N_'])
821 where N_;¢_, ;is the number of samples in which neither dbOTUs was found, and N_;
822 and N_; are the total numbers of samples in which each dbOTU was absent.
823 We used the beta-distribution-based test (pbeta in R) to identify the co-
824  occurrence and co-absence values significantly different from an average pair of
825 dbOTUs (FDR < 0.01 for each of the two values, in this case corresponding to the less
826 common dbOTU being present in at least 86% of the samples in which the more
827 common one was found and absent from all the samples where the more common one

820 co_absence;; =
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828 was not found). The co-occurrence network was visualized using the igraph R
829 package'?.

830 Proportion salinity barrier crossing dbOTUs and Bayesian modelling

831 Any dbOTU found among included samples with salinity >15 PSU and among
832 samples with salinity <9 PSU was regarded as barrier crossing. For balancing out the
833 number of samples on both sides of the salinity barrier, apart from the four stations with
834  salinity >15 PSU (A17, SLAGGO), four out of twelve stations with salinity <9 PSU: BY2
835 ARKONA, BY5 BORNHOLMSDJ, BY15 GOTLANDSDJ, REF M1V1 (see Fig. 1a for
836 locations of the stations). First, we chose the four most saline stations from among

837  those with salinity <9 PSU. Then, we switched BCS 11I-10 to REF M1V1 (see Fig. 1),
838  since the latter had more samples, and, unlike other chosen stations from lower

839 salinities, was located close to the mainland coastline. For each station but the least
840 sampled (REF M1V1), the samples were downsampled, choosing samples closest in
841 time to the ones collected at the least sampled stations. Whenever available, those
842 samples should correspond to the same monitoring cruises.

843 The Bayesian models were built and implemented in JAGS %, using the R

844  package rjags'?’. The parameters, probabilities, and predictions were calculated based
845 on every fifth out of 10000 MCMC iterations.

846 The model for probability of crossing the salinity barrier was optimized based on
847  Bernoulli distribution:
848 if _crossed_barrier; ~ Bernoulli(p;)

849  where for each dbOTU j, if _crossed_barrier; is a binary variable = 1 if it is a barrier
850 crossing dbOTU. p; was calculated according to the formula

851 logit(p;) = (1 — if _protist;) X (@pacterium

852 + ﬁabundance_bacterium X log (mean—abundancei) +

853 Boccurence bacterium X log(max_occurence_one_side;)) + if _protist; X (protist +
854 +:8abundance_protist X log (mean—abundancei) + :Boccurence_protist X

855 log(max_occurence_one_side;))

856 where if_protist; is a binary variable = 1 if the dbOTU i is a protist. mean_abundance; is
857 geometric mean of the abundance of the dbOTU j in the samples where it was present.
858 max_occurence_one_side; is the maximum out of the numbers of samples in which the
859 dbOTU jwas found at one side of the salinity barrier (in salinity <9 PSU or >15 PSU).
860 The other variables are the parameters of the model.

861 We compared this model with one assuming the same abundance and

862  occupancy dependence for bacteria and for protists (one Bupunaance @Nd Poccupancy

863 same for protists and bacteria, different ap,crerium and ayotise). FOr both the model with
864 different and the same abundance and occupancy dependencies, we also compared
865 the versions without log-transforming either only the occupancy, or both abundance and
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866  occupancy values. Based on the Watanabe-Akaike criterion'®, the model we used
867 performed the best.

868 The model for total occupancy was build based on the Poisson distribution

869 total_occupancy; ~ Poisson(4;)

870 where total_occupancy; is the total number of samples in which dbOTU j was found. 4;
871  was calculated according to the formula:

872 A; = max_occurence_one_side; + (1 — if _protist;) X (@pacterium +
873 Boacterium X log(max_occurence_one_side;) + if _protist; X (protist +
874 Bprotist X max_occurence_one_side;)

875 with if_protist; and max_occurence_one_side; having the same meaning as described
876 above. The occupancy at the less occupied side of the salinity barrier was calculated by
877  subtracting max_occurence_one_side from the predicted A.
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911 Supplementary Fig. S1 | Taxonomic annotation statistics a-b. Number of different bacterial
912  (a.) and protist (b.) taxa found at different taxonomic levels. c-d. Proportions of bacterial (¢c.) and
913  protist (d.) taxa annotated at different taxonomic levels. e-f. Proportions of bacterial (e.) and
914  protist (f.) reads annotated at different taxonomic levels. “Single species” corresponds to an
915 analysis that provides a species-level annotation only if the query sequence has identical

916 matches to database sequences of a single species. “Multiple species extra” is the extra

917  number/proportion of annotated species when exact matches to multiple species are allowed.
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919 Supplementary Fig. S2 | Spatiotemporal changes in abundance of major microbial taxa,
920 2019-2020 a-b. The proportion of rRNA marker gene reads annotated to a. bacterial classes
921  and b. protist subdivisions averaged over each month and Baltic Sea area basin. Only the
922 classes/subdivisions which, on average, corresponded to >0.01 of reads across samples are
923  shown. Above each bar, the number of samples collected in the respective month and basin is
924  given.
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Supplementary Fig. S3 | Dissimilarity of diversity metrics between bacteria and protist,
2019-2020 a. Beta diversity calculated as Bray-Curtis distances. The golden line represents the
best linear fit, while the dashed black line is the identity line. b. Number of detected dbOTUs

(alpha diversity).
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931
932 Supplementary Fig. S4 | Principal coordinate analysis (PCoA) 2019-2020- The first four

933 ordination axes are based on Bray-Curtis distances between bacterial (a-b) and protist (c-d)
934 communities. Note: The axes are grouped and ordered by which ones, after visual examination,
935 correspond to geographic structuring (a, ¢) and which ones to seasonal effects (b, d). This

936  ordering corresponded to showing ordination axes with decreasing variation explained for

937  bacteria (a-b). However, for protists, the first plot (c) shows the second and the third

938 components, while the second plot (d) shows the first and the fourth components.


https://doi.org/10.1101/2024.08.14.607742
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.08.14.607742; this version posted August 14, 2024. 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 4.0 International license.

o

< =} Q

2 g 2

o S =

> e zZ o

a © & o
da. 1
0.8

Sallnlty 0.1 0.18 0 0.08
b 0.6
5 0.4

ay
Day length 0.01
ay lengt length 0.2
0
Temperature  0.03 028  Temperature 0.2
-0.4
0.6
DIN 0 0.32 0.39 DIN 0.42 0.8
-1
Phosphate  o0.01 0.32 0.31 048  Phosphate

939
940 Supplementary Fig. S5 | Correlations between chosen environmental variables for the

941  2019-2020 dataset a. Pearson correlation coefficients (p) on an upper-triangle correlation plot.
942  b. Coefficients of determination (R?) on a lower-triangle correlation plot.
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943
944  Supplementary Fig. S6 | Seasonal changes in community composition within

945 distinguished basins of the Baltic Sea area. distance-based Redundancy Analysis (dbRDA)
946 based on Bray-Curtis distances between the bacterial (a.) and protist (b.) communities within
947  each of the distinguished basins of the Baltic Sea area. Weighted averages of families deviating
948  (Bonferroni corrected P < 0.05) were placed on the plot, with values rescaled by a factor of 0.5.
949  Percentages of variation explained by each dbRDA component are given in brackets by the
950 axes labels.
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Supplementary Fig. S7 | The seasonal dynamics of inorganic N:P ratio, salinity, and
additional protist taxa. a. DIN (dissolved inorganic nitrogen) to phosphate concentration ratio
across the 2019-2020 samples. b-c. Temperature (b.) and salinity (c.) across the 2019-2020
samples. d-e. Spike-in normalized abundance of the haptophyte families Phaeocystaceae and
Noelaerhabdaceae. f. Spike-in normalized abundance of the dinoflagellate class Sindiniales.
The lines correspond to the rolling mean, with values averaged for measurements two weeks
before and after each date. The same legend (a.) applies to all the panels, with basins ordered
from lowest to highest salinity (top to bottom). PSU - practical salinity units
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964 Supplementary Fig. S9 | Refraction curves a-b. Based on 16S filtered (only bacteria) read
965 from the 2015-2017 (a.) and 2019-2020 (b.) datests. c-d. Based on 18S filtered (only protists)
966 read from the 2015-2017 (c.) and 2019-2020 (d.) datests. dbOTU - distribution-based
967  operational taxonomic unit.
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969 Supplementary Fig. S10 | Number of dbOTUs from co-occurring clusters (Fig. 6a) found

970 in each sample. The samples in which all the dbOTUs from a cluster were present are outlined
971 in red. On the top and the right axes of each plot are density plots based on mean number of
972  dbOTUs per month (top) and per unit salinity (right). The same legend (a.) applies to all the
973  panels except for the size-coding corresponding to the number of dbOTUs from a cluster.
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975 Supplementary Fig. S11 | The number and proportion of dbOTUs found only in high (>15

976 PSU), low (<9 PSU) brackish salinity, and across the salinity barrier. a. Proportions across
977  all samples. b-c. Proportions for the samples from 2016-2017 (b.) and 2019-2020 (c.). Included
978  samples from the two datasets were chosen in pairs, from the same station and the same

979  month of the year but different datasets. Sample pairs with the lowest distance in terms of the
980 day in a calendar year were chosen. d. Proportions across the two datasets with a balanced
981 number of stations and observations across the salinity barrier. Only the four stations with

982  salinity >15 PSU, and four out of the most saline stations with salinity <9 PSU were chosen. The
983  data for each station was downsampled to the same number of observations. Samples closest
984  in time were chosen. The same legend applies to all the panels.
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Supplementary Fig. S12 | The fractions of all dbOTUs, the proportions of barrier-crossing
dbOTUs, and the probability of crossing the barrier across occupancy and abundance
values. a-b. The distribution of maximal occupancy at one side of the salinity barrier (a.) and
mean abundance (b.). ¢. Rolling mean (+/- two bins) of abundance across the occupancy
values. d-f. The fraction of all bacterial (d.) and protist (e.) dbOTUs, and the difference between
the fraction of protist and bacterial dbOTUs (f.). g-h. The proportion of barrier crossing bacterial
(g.) and protist (h.) dbOTUs. d-h. Grey tiles correspond to the values across which either no
protist or no bacterial dbOTUs were found. I-j. The predicted probabilities of a bacterial (i.) and
protist (j.) dbOTU crossing the salinity barrier. For all the analyses, only the four stations with
salinity >15 PSU, and four out of the most saline stations with salinity <9 PSU are chosen. The
data for each station is downsampled to the same number of reads. During downsampling,
observations closest in time to the samples from the least sampled station were chosen. Only
observations from 2019-2020 are included. The abundance values correspond to the numbers
of rRNA copies per liter, based on the spike-in normalization, and are always given on a
logarithmic scale. “Occupancy preferred side” is the maximum occupancy at one of the two
sides of the salinity barrier.
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