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Future climate scenarios in the Baltic Sea project an increase of cyanobacterial bloom frequency and duration, attributed to eutrophication and climate change. Some cyanobacteria can be toxic and their impact on ecosystem services is relevant for a sustainable sea. Yet, there is limited understanding of the mechanisms regulating cyanobacterial diversity and biogeography. Here we unravel successional patterns and changes in cyanobacterial community structure using a 2-year monthly time- series during the productive season in a 100 km coastal-offshore transect using microscopy and high-throughput sequencing of 16S rRNA gene fragments. A total of 565 cyanobacterial OTUs were found, of which 231 where filamentous/colonial and 334 picocyanobacterial. Spatial differences in community structure between coastal and offshore waters were minor. An “epidemic population structure” (dominance of asingle cluster) was found for Aphanizomenon/Dolichospermum within the filamentous/colonial cyanobacterial community. In summer, this clusters imultaneously occurred with opportunistic clusters/OTUs, e.g., Nodularia spumigena and Pseudanabaena. Picocyanobacteria, Synechococcus/Cyanobium, formeda consistent but highly diverse group. Overall, the potential drivers structuring summer cyanobacterial communities were temperature and salinity. However, the different responses to environmental factors among and within genera suggest high niche specificity for individual OTUs. The recruitment and occurrence of potentially toxic filamentous/colonial clusters was likely related to disturbance such as mixing events and short-term shifts in salinity, and not solely dependent on increasing temperature and nitrogen-limiting conditions. Nutrients did not explain further the changes in cyanobacterial community composition. Novel occurrence patterns were identified as a strong seasonal succession revealing a tight coupling between the emergence of opportunistic picocynobacteria and the bloom offilamentous/colonialclusters. These findings highlight that if environmental conditions can partially explain the presence of opportunistic picocyanobacteria, microbial and trophic interactions with filamentous/colonial cyanobacteria should also be considered as potential shaping factors for single-celled communities. Regional climate change scenarios in the Baltic Sea predict environmental shifts leading to higher temperature and lower salinity; conditions identified here as favorable for opportunistic filamentous/colonial cyanobacteria. Altogether, the diversity and complexity of cyanobacterial communities reported here is far greater than previously known, emphasizing the importance of microbial interactions between filamentous and picocyanobacteria in the context of environmental disturbances.
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INTRODUCTION

One of the major challenges for the scientific community and environmental managers is to understand and project the effects of both climate change and human activities on biogeochemical cycles in aquatic systems. Phytoplankton are key organisms in marine ecosystems, converting inorganic carbon into organic matter through photosynthesis, and thereby providing the reduced organic carbon that fuels the entire food web, from zooplankton to top predators. Filamentous cyanobacteria are major components of the phytoplankton community in the eutrophic waters of the Baltic Sea, contributing more than 50% of the total primary production of the cyanobacterial summer bloom (Stal et al., 2003). This functional group of organisms shows extreme plasticity toward changes in environmental conditions and has been recorded yearly in summer months for ca. 7000 years (estimated from sediment cores; Bianchi et al., 2000). In addition, the potential toxicity of specific cyanobacteria can compromise other trophic levels, as cyanobacterial hepatotoxins are specific inhibitors of serine/threonine protein phosphatases and tumor promoters (Eriksson et al., 1990; Ohta et al., 1994). These toxins, nodularins and microcystins, produced by Nodularia spumigena, Dolichospermum and Microcystis spp. have negative effects on ecosystem services like fish production, hence affecting sustainability of water bodies (Karjalainen et al., 2007). During the last decades, there has been an increase in the magnitude and duration of cyanobacterial blooms (Kahru and Elmgren, 2014), which can be attributed to increasing anthropogenic eutrophication (Larsson et al., 1985; Zillén and Conley, 2010) and climate change (Paerl and Huisman, 2009).

Climate change scenarios are uncertain in terms of particular effects in space and time at local and regional scales. Nevertheless, there are clear indications for effects altering global marine ecosystems (Hoegh-Guldberg and Bruno, 2010). Predicted shifts in environmental conditions due to climate change in the Baltic Sea include higher temperature, increased precipitation and consequently higher river run-off and lower salinities (Meier et al., 2014). Recent climate change models have introduced these environmental projections on the dynamics of Baltic Sea cyanobacteria (Hense et al., 2013). Results show an increase in biomass in 30 years with an earlier onset of the summer bloom. Still, it is currently not possible to explain conclusively why surface accumulations of cyanobacteria occur 3 weeks earlier today than four decades ago (Kahru and Elmgren, 2014). Calmer weather, higher temperature, distance to the shore, and changes in the dominant species within cyanobacterial community are potential factors to explain that cyanobacteria float to the surface earlier or more often. At the moment, there is little understanding of the mechanisms regulating changes in cyanobacterial community composition, which will progressively gain importance given the shifts in environmental conditions due to climate change.

Cyanobacteria are mainly studied during summer in the Baltic Sea, the season in which filamentous and colonial cyanobacteria dominate the phytoplankton community due to their ability to fix atmospheric nitrogen at low nitrogen (N) to phosphorus (P) ratios (Niemi, 1979). The main species forming the summer cyanobacterial blooms are Aphanizomenon sp., N. spumigena and the revised genus Dolichospermum sp. – formerly Anabaena sp. (Wacklin et al., 2009). Lower temperature, reduced salinity and irradiance favor Aphanizomenon sp., while N. spumigena prefers higher temperature and irradiance (Stal et al., 2003). Aphanizomenon can be found in the water column throughout the year, while N. spumigena and Dolichospermum are mainly found in summer (Suikkanen et al., 2010). Unicellular cyanobacteria (picocyanobacteria) are present in Baltic waters all year round and their seasonal dynamics are often analyzed in conjunction with heterotrophic bacterioplankton assemblages (Andersson et al., 2010; Herlemann et al., 2011; Dupont et al., 2014; Lindh et al., 2015).

Conventional taxonomic classification of filamentous and colonial cyanobacteria has been based on morphology, but this classification is often revised through phylogenetic analyses based on molecular sequence data (Komárek et al., 2014). Molecular analyses have addressed phylogeny focusing on specific species/genera at a time, e.g., N. spumigena or Aphanizomenon/Dolichospermum (Barker et al., 1999; Lyra et al., 2001; Gugger et al., 2002). However, such molecular analyses are not directly informative about the morphological diversity of filamentous and colonial cyanobacteria due to their high sequence identity in 16S rRNA (e.g., Gugger et al., 2002). Picocyanobacteria, on the other hand, are small cells and their taxonomic affiliation is hardly distinguishable under microscopy (Waterbury et al., 1986), which makes molecular approaches crucial to distinguish among species. Picocyanobacteria are a very diverse phylogenetic group with multiple genetic lineages, for which community dynamics have been extensively studied in marine ecosystems (Urbach et al., 1998; Haverkamp et al., 2008; Ahlgren and Rocap, 2012; Larsson et al., 2014). Overall, these studies rarely report community composition data for all types of cyanobacteria. Therefore, combined studies (genetic and morphological diversity) including both filamentous/colonial cyanobacteria and picocyanobacteria are necessary to resolve the diversity and biogeography of cyanobacteria.

Recent advances in high-throughput sequencing now allows for the study of both filamentous/colonial and picocyanobacteria with concurrent morphological approaches. In this study we aimed to investigate the spatial and temporal dynamics of cyanobacterial communities in the upper mixed layer (10 m) of the Baltic Sea by applying pyrosequencing V3–V4 of the 16S rRNA gene coupled with microscopy analysis. Additionally, we addressed the potential role of principal environmental variables triggering seasonal changes in cyanobacterial communities, specifically for potential toxic genera such as Nodularia and Dolichospermum.

MATERIALS AND METHODS

Sampling Location and Sample Collection

Water samples were collected along a coastal-offshore transect located in the northern Kalmar strait and the southern Western Gotland Sea, in the Central Baltic Sea. During the 2-year survey (2010–2011), 16 stations were sampled monthly covering the productive period (April–October, stations PF1-16, Supplementary Figure S1 modified from Legrand et al., 2015). Temperature and salinity data were collected using a CTD probe (AAQ1186-H, Alec Electronics, Japan) and averaged for the first 10 m. For all samples, water from 2, 4, 6, 8, and 10 m depth was pooled into acid-washed and Milli-Q-rinsed polycarbonate bottles. Chlorophyll a (Chl a), used as proxy for phytoplankton biomass, was measured fluorometrically after ethanol extraction (Jespersen and Christoffersen, 1987). Samples for heterotrophic bacterial abundance were preserved in 2% formaldehyde, kept at -80°C and analyzed using flow cytometry (BD FACs Calibur) using SYTO13 (Gasol and del Giorgio, 2000). Samples for nutrients were taken in 2011, GF/C filtered and analyzed using colorimetric methods according to Valderrama (1995).

The sampling stations were classified as coastal, intermediate or offshore based on bathymetry and distance to the coastline (for details see Legrand et al., 2015). The study was part of a large-scale field experiment, within the PLAN FISH project, investigating ecosystem responses and dynamics to reducing planktivores over 2010–2012.

Filamentous/Colonial Cyanobacteria and Other Phytoplankton Enumeration

A total of 240 samples were screened under microscopy, for filamentous/colonial cyanobacteria and other phytoplankton. Water samples were preserved in 2% Lugol solution and stored in the dark at room temperature until further examination. Subsamples were transferred into sedimentation chambers (10 ml) for approximately 24 h before counting with an Olympus CKX 41 inverted light microscope. In each sample a minimum of 300 cells were counted (SD ≤ 11%). Phytoplankton cells including filamentous and colonial cyanobacteria were identified to genus and species level whenever possible. Morphological criteria for cyanobacteria were filament (trichome) length and shape, width and length of cells, presence of heterocysts, and presence and shape of akinetes. Taxonomical confirmation was achieved by consulting the database Nordic Microalgae1 validated by the HELCOM Phytoplankton Expert Group. Cell biomass was calculated from biovolume (Olenina et al., 2006) and carbon content (Edler, 1979).

Community DNA Extraction, PCR Amplification and 454-Pyrosequencing

The sample collection from 2010 included coastal, intermediate and offshore stations while samples from 2011 included only coastal and offshore stations. Seawater (1 L) was filtered onto a 0.2 μm Supor Filter (47 mm, PALL corporation). The filters were placed in individual cryovials, supplemented with 1 mL TE buffer (10 mM Tris, 1 mM EDTA, pH 8.0) and stored at -80°C until extraction. Community DNA was extracted using an enzyme/phenol-chloroform protocol (Riemann et al., 2000). In total, 118 samples were selected for 454-pyrosequencing. The V3–V4 hypervariable region of the bacterial 16S rRNA gene was amplified by using primers 341F and 805R as described in Herlemann et al. (2011). The 16S rRNA gene amplicons were quantified with nanodrop, pooled at equimolar amounts and sequenced using the Roche GS-FLX 454 automated pyrosequencer (Roche Applied Science, Branford, CT, USA) at SciLifeLab, Stockholm (Sweden). Samples from each year were sequenced on separate 454 plates resulting in 300000 reads from 2010 and 396000 reads from 2011 with an average read length of 350 bp. Denoising and screening for chimera removal was performed following Quince et al. (2011). The reads were clustered at 98% identity by applying UCLUST (Edgar, 2010). A total of 12,636 Archaea, cyanobacteria, and other bacteria OTUs were identified (excluding singletons). The level of clustering (98%) was selected to reduce 454 data noise levels. Likely at this cut-off, different species with high 16S rRNA gene identity could fall into the same cluster and microdiversity might be underestimated. In cyanobacteria, high 16S rRNA gene identity has been described for Aphanizomenon and Dolichospermum and these species are therefore not represented by individual OTUs. Rarefaction curves at 98% clustering showed saturation in all the samples indicating sufficient sampling effort covering cyanobacterial diversity (Supplementary Figure S2). The 98% rarefaction curves show an estimated maximum richness of 5–30 OTU in samples collected during the survey. Normalization of sequence reads was performed by dividing the number of reads of each OTU within a sample by the total reads from that specific sample. Cyanobacterial OTUs or clusters were characterized as generalists if they were detected in all samples and at all stations; and as opportunists when OTUs/clusters occurred only occasionally, sporadically or seasonally. DNA sequences can be found in the National Center for Biotechnology Information (NCBI) Sequence Read Archive under accession number SRP023607.

Phylogenetic Analyses and Correlations to Environmental Factors

Taxonomic identification was done using the SINA/SILVA database and unclassified OTUs were resolved using NCBI blastn. The cyanobacterial OTUs (565 in total) were classified phylogenetically as filamentous/colonial cyanobacteria (231 OTUs) or picocyanobacteria (334 OTUs). Partial least squares (PLS) regression was used to describe the relationships between community composition (Y) and environmental variables X (e.g., temperature, salinity). The ability of the PLSr to find reliable latent variables (PLSr components) is affected by the n∗p and m∗p dimensions of X and Y matrices, respectively. In our situation the high number of OTUs relative to the small number of sites (m >> p) did not allow us to find reliable latent variables for Y. To remedy this, we considered only the most abundant OTUs. The R2s (R2Y and R2X) were used to evaluate explanatory power and fit of the model. However, since we used PLSr mainly for describing the relationships between cyanobacterial community composition and environmental variables, we were less interested in optimizing the predictive power of the model assessed by the Q2. PLS analyses were run with package plsdepot (Sanchez, 2015).

We also run PERMANOVA, to confirm patterns detected with the PLS. We assessed betadispersion, which is the underlying assumption to perform PERMANOVA test. PERMANOVA analyses (999 permutations) were run to relate differences in Bray Curtis dissimilarity matrix of the cyanobacterial community composition to temperature and salinity. Vegan package was used to perform PERMANOVA (Oksanen et al., 2016).

A maximum likelihood phylogenetic tree of the 50 OTUs with the highest relative abundance in 2010 and 2011, respectively, corresponding to 72 OTUs in total, was created in MEGA 6 (Tamura et al., 2013). Relative abudances of these 72 most abundant OTUs were visualized using a heatmap. As the assumption of normality was not met in our dataset after transformation, Spearman correlations (ρ) were used to find relationships between cyanobacterial OTU occurrence and abiotic/abiotic factors. Resulting Spearman coefficients were plotted in a heatmap. All statistical analyses were performed in R studio 0.98.945.

RESULTS

Environmental Dynamics

Water temperature was 1–2.5°C in early spring and increased to 17–20°C in summer and fall (Supplementary Figure S3). Salinity was slightly lower in 2010 (6.00–6.82) compared to 2011 (6.15–7.20, Supplementary Figure S3). In July–August of both years, a decrease in salinity (up to -0.60 units) was observed, with lowest values recorded at the offshore stations. Nutrient dynamics displayed substantial seasonal variation with maximum TN (20–30 μM) in summer and maximum TP (1.0–1.2 μM) in late fall (Supplementary Figure S3). Consequently, the TN:TP ratio = 40 (>Redfield ratio N:P = 16) showed that P was the limiting element rather than N for most of the year, except during fall (Supplementary Figure S3). Dissolved inorganic nitrogen (DIN: 0.2–4.0 μM) and phosphate (0.07–0.60 μM) showed lowest values during summer (Supplementary Figure S3). In both years, there was a distinct spring bloom at low temperature composed of diatoms and dinoflagellates (Legrand et al., 2015). Chlorophyll a levels were twice as high in spring (7–8 μg Chl a L-1) compared to summer (2–3 μg Chl a L-1) when cyanobacteria bloomed (Supplementary Figure S3).

Cyanobacteria Seasonal Dynamics

Richness and Biomass Determination from Microscopy Observations

The seasonal changes in cyanobacterial community composition in the upper mixed layer were similar at all sampled stations (Figure 1 modified from Legrand et al., 2015). The contribution of filamentous and colonial cyanobacteria to the annual phytoplankton biomass was higher in 2010 (34%) compared to 2011 (12%; Legrand et al., 2015). The filamentous Aphanizomenon was the most common genus reaching maximum biomass (75–90% of the total phytoplankton biomass) in July-August (Figure 1). Dolichospermum, Pseudanabaena, and Nodularia were also found in summer months with a larger combined contribution of the total phytoplankton biomass in July 2011 (up to 50%) compared to July 2010 (15% of the total phytoplankton biomass). Lower abundances of Pseudanabaena and Snowella-like species (colonial) were occasionally observed (7.79 mm mL-1 and 2600 cells mL-1, respectively) mostly during summer months. The duration of the cyanobacterial bloom was shorter in 2011 (3 months) compared to 2010 (5 months), in which Aphanizomenon sp. and N. spumigena showed an extended bloom season from early summer to late fall.
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FIGURE 1. Relative contribution (carbon content) of filamentous and colonial cyanobacterial species to the total phytoplankton biomass in coastal, intermediate and offshore stations from 2010 to 2011. Abbreviations correspond to Aphanizomenon sp. (Aph. sp.), Dolichospermum (Dolich.), Pseudanabaena limnetica (P. limnetica), Nodularia spumigena (N. spumigena), and other phytoplankton (other phyto.). Each bar represents one station and sampling occasion, 128 samples in 2010 and 112 samples in 2011.



16S rRNA Gene Phylogenetic Analysis: Richness and Occurrence

The OTU richness of filamentous and colonial cyanobacteria, defined by the number of OTUs, was low during both spring and fall (<10 OTUs) and highest in July for both years (15–37 OTUs; Supplementary Figure S4). Phylogenetically, the cyanobacterial OTUs formed distinct clusters corresponding to morphology (filamentous, colonial, single cell) and function (heterocystous, non-heterocystous; Figure 2). The dominating Aphanizomenon/Dolichospermum phylotype (OTU000006, Supplementary Figure S5A) was 100% similar to a freshwater Aphanizomenon strain (HG917867; Casero et al., 2014). In summer months, there was an increase of opportunistic OTUs where Aphanizomenon/Dolichospermum, Nodularia, and Pseudanabaena clusters were frequently detected (Figure 3). Several Aphanizomenon/Dolichospermum (e.g., OTU000098) phylotypes only occurred in summer, while a Nodularia phylotype sustained until October in 2010 (Figure 3). The most frequently detected Nodularia phylotype was closely related to an isolate from the Baltic Sea (100% identity; KF360086.1; Fewer et al., 2013). This Nodularia phylotype (OTU000113) showed high interannual variability with a higher relative abundance in 2011 compared to 2010 (Figure 3 and Supplementary Figure S5B). Colonial cyanobacteria phylotype related to Snowella (99% identity) was present during both years and showed a patchy distribution.
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FIGURE 2. Maximum likelihood tree based on representative sequences of OTUs (98% identity) of partial 16S rRNA gene sequences (cut to 350 bp long). For clarity, the 50 most abundant OTUs for 2010 and 2011, respectively (72 OTUs in total) are shown in the tree and branches of <0.01 distance have been collapsed. Reference sequences were retrieved from NCBI and their accession numbers are shown in brackets. Branch lengths were determined using the Tamura-Nei model, bootstrap values were calculated (1000 replicate trees) and are displayed when greater than 0.50.
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FIGURE 3. Temporal and spatial dynamics of the 50 most abundant cyanobacterial OTUs (98% identity) for 2010 and 2011, respectively (72 OTUs in total). The order of the OTUs corresponds to Figure 2 and OTUs with <0.01 phylogenetic distance (350 bp long sequences) have been clustered (denoted with c). The colors in the heatmap represent the relative abundance of each OTU in a specific sample. The month of sampling and the classification of each station, coastal (C), intermediate (M), and open (O) are indicated on the X-axis.



Picocyanobacterial richness patterns were uniform over the sampling period for both years, with an increase toward summer when maximum richness was reached (>25 OTUs; Supplementary Figure S4). Picocyanobacterial OTUs were closely related to Synechococcus and Cyanobium (Figure 2) and were present at all times at all stations (Figure 3). The dominant phylotype (OTU000001) was 100% similar to a Synechococcus isolate from a subalpine lake (AY151250; Crosbie et al., 2003). This phylotype was present in all samples, reaching relative abundances up to 24% (Supplementary Figure S5C). Other Synechococcus OTUs (e.g., OTU00034 and OTU000072), showed more seasonal variability with higher relative abundances in late summer/fall than during spring (Supplementary Figures S5D,E). Their closest relatives were brackish and also saline water isolates (100% identity; DQ275607; and 100% identity; DQ275600; Sánchez-Baracaldo et al., 2008).

Cyanobacterial Community Composition and Environmental Variables

The first PLS model was run with the 100 most abundant cyanobacterial OTUs for years 2010 and 2011, and temperature, salinity, Chl a and heterotrophic bacterial abundance as explanatory variables. Two components were selected by cross-validation for performing the PLS model (R2Y = 13%, R2X = 63%, see Supplementary Table S1A for Q2). Visual clustering of samples could be detected by month (Figure 4). Variations in spring cyanobacterial communities were linked to high Chl a and low temperature. In contrast, summer communities were related to high temperature and heterotrophic bacterial abundance together with low salinity (Figure 4A).
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FIGURE 4. Biplots resulting from partial least squares (PLS) regression model, linking cyanobacterial community composition with abiotic/biotic factors. PLS biplots considering (A) temperature (Temp), salinity (Sal), chlorophyll a (Chl a), and heterotrophic bacterial abundance (BA), year 2010 and 2011, 100 most abundant cyanobacterial OTUs; and (B) temperature (Temp), salinity (Sal), chlorophyll a (Chl a), bacterial abundance (BA), total nitrogen (TN) and total phosphorus (TP), year 2011, 50 most abundant cyanobacterial OTUs.



In the second PLS model, we added nutrients (TN and TP) to the previous set of explanatory variables (p = 6) for 2011 (50 most abundant OTUs, Figure 4B). Three components were selected by cross-validation for performing the PLS model (R2Y = 50%, R2X = 69%, see Supplementary Table S1B for Q2). Nutrients did not explain further the change in summer cyanobacterial communities that was dominated by filamentous and colonial genera, but high temperature and low salinity were potential factors describing community changes. The influence of geographic location in shaping the community composition (i.e., coastal, intermediate, offshore) showed unclear patterns compared to the impact of changes in environmental factors.

PERMANOVA tests results showed that cyanobacterial community composition was significantly different with temperature and salinity (see Supplementary Table S2).

Spearman correlation analysis revealed high variability between and within cyanobacterial genera in response to different environmental parameters (Figures 5 and 6). In general, filamentous cyanobacteria showed a positive correlation with temperature (Figure 5). Many OTUs showed a significant positive correlation with increasing temperature (ρTemp > 0.3, p < 0.05). Moreover, some phylotypes affiliated with Aphanizomenon/Dolichospermum, Nodularia, and Pseudanabaena were negatively correlated to salinity (ρSal < -0.3). Filamentous cyanobacteria showed positive correlation with Chl a and stronger positive relationships could be detected with heterotrophic bacterial abundance (ρBA > 0.2, p < 0.05). Overall, filamentous cyanobacteria were negatively correlated with TN, DIN, TP and P (Figure 6). For picocyanobacteria, many Synechococcus OTUs showed positive correlations with temperature and heterotrophic bacterial abundance (ρBA > 0.3, p < 0.05). However, salinity and Chl a had a negative impact on Synechococcus OTUs (ρSal < -0.3 and ρChl a < -0.4, p < 0.001). Synechococcus OTUs showed high variability in nutrient affinity, ranging from highly positive to highly negative correlations with TN, DIN, TP, and P. No significant relationship was found for other nutrients e.g., silica and ammonium and cyanobacterial OTUs (data not shown).
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FIGURE 5. Heatmap representing Spearman correlation coefficients between the 50 most abundant cyanobacterial OTUs in 2010 and 2011, respectively (n = 72) and environmental variables. Temperature (Temp), salinity (Sal), chlorophyll a (Chl a), and bacterial abundance (BA) were used for the relationships. Phylotypes were classified according to their phylogenetic affiliations (Figure 2). Statistical significance is ∗∗∗p < 0.001, ∗∗p < 0.01, ∗p < 0.05.
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FIGURE 6. Heatmap representing Spearman correlation coefficients between the 50 most abundant cyanobacterial OTUs in 2011 and nutrients. Total nitrogen (TN), dissolved inorganic nitrogen (DIN; nitrogen and ammonium), total phosphorus (TP), phosphate (P) were used for the relationships. Only 2011 is shown because nutrient data was lacking for 2010. Statistical significance is ∗∗∗p < 0.001, ∗∗p < , ∗p < 0.05.



DISCUSSION

Biomass and Distribution of Filamentous and Colonial Cyanobacteria

Massive blooms of filamentous/colonial cyanobacteria in the Baltic Sea Proper are a recurrent phenomenon in summer. The transport of P to surface layers, caused by oxygen depletion in bottom waters, is a vicious cycle promoting the occurrence of diazotrophic cyanobacteria (Vahtera et al., 2007). Whether they can thrive for longer periods in the pelagic zone is uncertain but their ability to fix N is of great advantage compared to picocyanobacteria in the planktonic habitat. Our data confirmed that cyanobacterial bloom intensity is highest during the summer months (Figure 1). However, we noted various cyanobacterial occurrence patterns in different genera/species and community dynamics. Interannual variation in magnitude and species composition of summer blooms can be considerable (Hajdu et al., 2007; Lips and Lips, 2008; Legrand et al., 2015). Blooms can persist up to one or 2 months in the Gulf of Finland and in the Southern Baltic Sea Proper (Lips and Lips, 2008; Suikkanen et al., 2010; Mazur-Marzec et al., 2013b). In the Baltic Sea Proper (this study), cyanobacterial blooms could exhibit their maximum during 3 to 5 months (June–August/October), supported by data of the annual phytoplankton biomass (Legrand et al., 2015). Different results in cyanobacterial bloom duration between studies can be explained by different sampling strategies i.e., integrated 0–10 m sample (this study) or discrete samples at 4–5 m (Gulf of Finland, South Baltic Proper).

In the upper mixed layer, Aphanizomenon colonies occurred at low abundance year-round and dominated the biomass during summer, while Nodularia and Dolichospermum filaments appeared in early summer (Figure 1). Such dynamics of filamentous/colonial cyanobacteria are consistent with observations in the Gulf of Finland, NW Baltic Proper and South Eastern Baltic Sea (Wasmund et al., 2001; Laamanen and Kuosa, 2005; Walve and Larsson, 2007). Previously, Suikkanen et al. (2010) proposed a conceptual model of different life-cycle strategies of cyanobacteria in the Baltic Sea. The model builds on the assumption that Aphanizomenon is present all year in the upper mixed layer while Dolichospermum overwinter in the sediment, and Nodularia can overwinter both in the water column and the sediment. Our results support this assumption since Aphanizomenon remained in the surface mixed layer over a wide range of temperature and nutrient conditions, and peaked at the most favorable conditions during summer. Further, we hypothesize that Dolichospermum and Nodularia are likely overwintering in the sediment and proliferate in the upper mixed layer upon mixing events during stratification. Still, there was no evidence of Nodularia overwintering in the water column in contrast to the model of Suikkanen et al. (2010). This could be due to (i) different mixing patterns between the Gulf of Finland and the Western Gotland Sea (this study) or the Northern Baltic Sea (Hajdu et al., 2007), (ii) vertical transport of nutrients (Wasmund et al., 2012), (iii) varying life cycle strategies of different populations and (iv) different sampling frequency and resolution.

Potential toxic species such as Nodularia and Dolichospermum were more abundant during the summer bloom in 2011 (Figure 1) when stratification was established in late June–July, i.e., later than in 2010 (Legrand et al., 2015). As those species were not found in the water column until early summer, we suggest that in future climate conditions, the recruitment of these toxic cyanobacteria to the water column will strongly depend on mixing events and not solely on low N:P ratios (Nausch et al., 2008) and high temperature.

Cyanobacterial Phylogeny

The Baltic Sea supports high phylogenetic diversity of filamentous/colonial (Figure 2), and picocyanobacteria (Sánchez-Baracaldo et al., 2008, Figure 2). Five genera of filamentous/colonial cyanobacteria (Aphanizomenon/Dolichospermum, N. spumigena, Pseudanabaena, Planktothrix, Snowella) were identified, confirming the common bloom-forming species in the Baltic Sea (Stal et al., 2003, Figure 1). All N. spumigena OTUs (22 OTUs) clustered in one major group, exhibiting high phylogentic diversity (data not shown). This is in contrast with previous studies where a single genotype was found to dominate the Nodularia population during the summer (Smith et al., 1993; Stal et al., 2003). However, a direct comparison with these studies from 1993 and 2003 is problematic given the different sequencing techniques and the statistical population sizes (i.e., the number of reads). Aphanizomenon and Dolichospermum OTUs showed many distinct clusters (Figure 2). However, these two cyanobacteria have a close phylogenetic relationship and they cannot be defined as different genera using 16S rRNA gene sequence analysis (Lyra et al., 2001; Gugger et al., 2002; Rajaniemi et al., 2005; Stüken et al., 2009). Taxonomical resolution of these two genera can be obtained using the phycocyanin operon as marker (PC-IGS; Janson and Granéli, 2002) or microscopy. These results indicate a lower genetic diversity than compared to observations of the phenotypes alone (Aphanizomenon and Dolichospermum), and support the importance of using a polyphasic approach (genotypes and phenotypes, Willame et al., 2006) to obtain a comprehensive and accurate description of cyanobacterial community composition in the Baltic Sea.

Among the most abundant cyanobacterial OTUs, more than half (46 OTUs) belonged to the picocyanobacteria Synechococcus/Cyanobium (Figure 2) illustrating the high phylogenetic diversity within this primary producer group (Haverkamp et al., 2008; Ahlgren and Rocap, 2012). Picocyanobacteria have greater phylogenetic diversity in freshwater than in marine systems (Sánchez-Baracaldo et al., 2008). In our study, the majority of the picocyanobacteria phylotypes were related to non-marine strains, obtained from fresh to brackish waters (Figure 2). A high phylogenetically diverse consortium of picocyanobacteria is present in the Baltic Sea, and the number of new OTUs and clusters reported here is staggering, yet varied depending on sampling location. This large phylogenetic diversity within Synechococcus/Cyanobium supports the ability of this taxon to thrive in dynamic environments and may explain the year-round presence of these single cells within the cyanobacteria community despite seasonal changes.

Community Sructure: Generalists vs. Opportunists

Recent studies on prokaryotic diversity and community composition in the Baltic Sea have considered all cyanobacteria (filamentous/colonial and single-celled picocyanobacteria) as one group (Dupont et al., 2014; Lindh et al., 2015). This grouping fails to disentangle the different strategies within and among cyanobacterial phenotypes/genera for seasonal succession and adaptation to environmental changes. In our study, two clear strategies concerning the occurrence of cyanobacteria were found under different environmental conditions: the emergence of (i) OTUs/clusters in all samples and all stations (i.e., generalist) and (ii) several highly seasonal OTUs/clusters (i.e., opportunists).

The most abundant OTU within this generalist cluster in filamentous/colonial cyanobacteria was highly related (>99% 16S rRNA) to previously reported sequences (Casero et al., 2014). Despite this, the physiology of this prominent OTU is largely unknown. The dominance of this cluster over 2 years regardless of the presence of other clusters/OTUs (Figure 3) suggests an epidemic population structure of Aphanizomenon/Dolichospermum similar to Planktothrix (D’Alelio et al., 2013). By contrast, opportunists, here exemplified with N. spumigena, are clonal and do not show an epidemic population structure unlike the hypothesis suggested by Smith et al. (1993) and Stal et al. (2003). The proliferation of these opportunistic OTUs relies on recruitment either from the water column or the sediment as discussed above. The fact that these phylotypes co-occur suggests that they do not compete for resources (nutrients) and implicate that they have distinct ecological niches related to temperature, salinity, and nutrients.

Studies of seasonal dynamics of picocyanobacteria in the Southern California Bight and in Chesapeake Bay have shown the co-occurrence of generalists (Clades 1 and 4) and opportunistic (Clades 2 and 3) Synechococcus (Tai and Palenik, 2009; Cai et al., 2010). In the Baltic Sea, seasonal patterns in microbial community dynamics, including cyanobacteria, were observed in studies focusing on heterotrophic bacteria (Andersson et al., 2010; Lindh et al., 2015). Our study revealed, for the first time, that few generalists and many opportunistic OTUs were present among picocyanobacteria. Generally, opportunistic picocyanobacteria occurred tightly coupled to the opportunistic filamentous cyanobacteria, mostly after they have bloomed (Figure 3 and Supplementary Figure S4). A deeper analysis of the data on bacterial population dynamics presented by Lindh et al. (2015; Figure 3) also showed two distinct occurrence patterns among the cyanobacteria, corresponding to opportunistic filamentous/colonial OTUs in summer and opportunistic picocyanobacteria OTUs in late summer/fall. This implies a strong seasonal succession of communities both filamentous and picocyanobacteria in the Baltic Sea, likely explained by environmental dynamics but also by interactions between these two groups of cyanobacteria.

Community Structure: Spatial, Temporal, and Environmental Dynamics

The structure of marine microbial communities responds to spatial and temporal variability (Fuhrman et al., 2015). However, large geographical distances play a secondary role in shaping microbial communities (Sunagawa et al., 2015). Our results revealed only minor spatial differences in cyanobacterial community structure between coastal and offshore waters over the 100 km2 sampled area (Figure 4). Temperature, salinity, stability of the water mass and availability of N and P are the main factors controlling cyanobacterial communities in the Baltic Sea (Larsson et al., 1985; Wasmund et al., 2012; Andersson et al., 2015). In our study area, winter temperatures and spring bloom intensity were correlated to the magnitude of the cyanobacteria bloom in summer (Legrand et al., 2015). It is well known that microbial community composition changes along the longitudinal salinity gradient in the Baltic Sea, as observed from the study of summer transects (Herlemann et al., 2011; Dupont et al., 2014). In our seasonal study, both temperature and salinity were two potential factors shaping cyanobacteria community structure. In particular, the temporal patterns of the opportunistic genera e.g., Nodularia and Pseudanabaena were driven by changes in salinity likely associated to a disturbance in the environment e.g., winds. Additionally, opportunistic picocyanobacteria occurrence has been mainly explained by changes in environmental conditions (temperature, salinity, and nutrients). It is likely that a large proportion of the changes in microbial community structure can mainly be explained by unknown factors (Souffreau et al., 2015). Considering that filamentous/colonial cyanobacteria can produce bioactive compounds (Mazur-Marzec et al., 2013a) with antibacterial properties (Legrand et al., 2003), chemical interactions in microbial communities can play an important role in community composition.

Conventionally, the decline of filamentous and colonial cyanobacteria bloom is attributed to phosphate limitation (Walve and Larsson, 2007). In our study, many opportunistic cyanobacteria, including N2-fixers and picocyanobacteria, were present when levels of both TN and TP were low (Figure 6). Here we highlight the burst in diversity and abundance of picocyanobacteria corresponding to the onset of the bloom decline of filamentous/colonial cyanobacteria (Figure 3), possibly taking advantage of the bioavailable N fuelled into the system by heterocystous N2-fixers (Aphanizomenon, Dolichospermum, and Nodularia; Ploug et al., 2011). Higher diversity of picocyanobacteria might be related, rather than to nitrogen, to other compounds produced by opportunistic filamentous cyanobacteria. In addition, phosphorus remineralization by heterotrophic bacteria can exceed their P demand (White et al., 2012) and can be an extra source of P for autotrophs even at low ambient P concentrations.

Cyanobacterial Communities and Future Climate Conditions

Levels of community specialization could be an indicator of the impact of global changes (environmental disturbances) on community structure (Clavel et al., 2011), suggesting that changes in environmental conditions related to climate change may promote a shift toward communities being dominated by generalists. Alternatively, it is also possible that future environmental shifts related to climate change induce more favorable conditions for opportunists. Our study suggests that in addition to temperature, short-term shifts in salinity can potentially shape cyanobacterial community structure. Since regional climate scenarios predict both higher temperature and lower salinity as future climate conditions in the Baltic Sea (Meier et al., 2014), we propose that these future environmental conditions could provide opportunistic filamentous/colonial cyanobacteria with a competitive advantage in the planktonic habitat. Further experimental trials are necessary to confirm that combined low salinity and high temperature would benefit opportunistic filamentous/colonial cyanobacteria. This would be paramount for assessing potential effects of cyanobacteria on other trophic levels and ultimately on the status of the Baltic Sea ecosystems.
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