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In Lake Tanganyika, blooms of nitrogen-fixing (diazotrophic) cyanobacteria emerge, when the upper water column re-stratifies after a period of upwelling and convective mixing. During this seasonal transition, diazotrophic cyanobacteria exploit the abundant phosphate and fix nitrogen after other phytoplankton taxa have consumed the available nitrate. However, it remains less clear, which mechanisms favour diazotrophic cyanobacteria under more heavily stratified conditions with lower levels of excess phosphate and persistent nitrate-depletion. Here, we collected profiles of physicochemical parameters, nutrients and photo-pigments, as well as the medium- to large-sized phytoplankton community during two lake-wide cruises to elucidate to what extent the abundance of diazotrophic cyanobacteria in Lake Tanganyika may be controlled by the nitrate resupply through the thermocline into the euphotic zone. At stations where nitrate was depleted, but phosphate remained available near the surface, high densities of diazotrophic cyanobacteria were associated with a low nitrate supply to surface waters. Our data provide first support for two conceptual scenarios, where the relative position of the thermocline and the euphotic depth may create a functional niche for diazotrophic cyanobacteria: when the upward transport of nitrate into the euphotic zone is reduced by a subjacent thermocline, diazotrophic cyanobacteria, comprising Dolichospermum and Anabaenopsis, are key players in the medium-to large-sized phytoplankton community. By contrast, a thermocline located within the euphotic zone allows for a rapid vertical transport of nitrate for a thriving nitrate-assimilating phytoplankton community that evidently outcompetes diazotrophic cyanobacteria. This study highlights that, under nitrogen-depleted conditions, diazotrophic cyanobacteria can also grow in response to a reduced nutrient resupply to the productive surface waters.
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INTRODUCTION
Cyanobacterial blooms are globally increasing in frequency and severity due to human-induced alterations of natural aquatic ecosystems. This rapid proliferation of blooms motivated numerous studies in the context of eutrophication and warming of lakes and coastal seas. The ongoing debate regarding the direct preconditions and factors triggering the formation of cyanobacterial blooms (Downing et al., 2001; Przytulska et al., 2017; Glibert et al., 2018; Bartosiewicz et al., 2019) is anchored in a broad consensus that eutrophication is a prerequisite for their formation in intensely human-influenced water bodies (Molot et al., 2014). Eutrophication studies have indeed greatly improved our mechanistic understanding of bloom formation in relatively small oligotrophic lakes experiencing warming and anthropogenic nutrient inputs over the last decades (Carey et al., 2008; Winter et al., 2011; Posch et al., 2012; Almanza et al., 2019). By contrast, much less is known about the mechanisms triggering surface cyanobacterial blooms in large, warm oligotrophic marine and freshwater systems (White et al., 2007), such as the Northern Pacific Subtropical Gyre (NPSG), Gulf of Aqaba, Lake Malawi or Lake Tanganyika.
The phytoplankton community in Lake Tanganyika, the largest lake in Africa by volume, is generally dominated by picocyanobacteria (Descy et al., 2005; Stenuite et al., 2009), but blooms of filamentous cyanobacteria (Dolichospermum and Anabaenopsis) occur seasonally (Descy et al., 2010). Similar to other large, stratified oligotrophic systems (Gordon et al., 1994; Post et al., 2002; Dore et al., 2008; Gondwe et al., 2008), these blooms emerge during periods of enhanced water column stratification in Lake Tanganyika, i.e. at the onset (Hecky and Kling, 1981; Narita et al., 1986; Langenberg et al., 2002; Cocquyt and Vyverman, 2005) and throughout the rainy season (Salonen et al., 1999; Vuorio et al., 2003; Descy et al., 2005).
Enhanced stratification is not only associated to higher surface water temperature, which benefits filamentous cyanobacteria (Stal, 2009), but also reduces the vertical transport of nutrients from intermediate layers into surface waters. During the heavily stratified periods, nitrate often drops below detection limit, whereas residual phosphate remains available in the euphotic zone of Lake Tanganyika (Edmond et al., 1993; Mziray et al., 2018). Below the euphotic zone, the concentrations of both nitrate and phosphate increase sharply, but the molar nitrogen to phosphorous (N:P) ratios of the dissolved inorganic nutrient stocks typically remain below the optimal ratio of ∼16:1 throughout the entire water column (Edmond et al., 1993). Given the large volume and limited horizontal exchange, external nutrient inputs do not play a significant role in sustaining biological production in Lake Tanganyika (Langenberg et al., 2003). Thus, the resupply of dissolved inorganic nitrogen (DIN) to the phytoplankton community largely depends on the upward transport from the deeper, nutrient-rich water masses.
Previous studies suggested that filamentous cyanobacteria profit from the relative DIN scarcity during periods of intense stratification in Lake Tanganyika (Descy et al., 2005; Horion et al., 2010), due to their capacity of fixing dinitrogen gas (diazotrophy). Throughout the dry season (May-September), upwelling and vertical mixing continuously resupply both nitrate and phosphate (Plisnier et al., 1999) stimulating non-diazotrophic phytoplankton that outcompetes filamentous cyanobacteria. When the upper water column re-stratifies in September-November, the phytoplankton draws down the available nutrients (Hecky and Kling, 1981), leading to excess phosphate but virtually no free nitrate. Such a nutritional imbalance can favor the growth of diazotrophic cyanobacteria (Kelly et al., 2021), which might be able to maintain high growth rates by accumulating P in their cells (Descy et al., 2005). This concept explains the nutrient dynamics and temporal phytoplankton succession during the rapid warming phase in the southern upwelling area. However, it is less clear which mechanisms contribute to the spatiotemporal variability in diazotrophic cyanobacteria abundance beyond this initial phase (Horion et al., 2010). In the present study, we explore why diazotrophic cyanobacteria do not persistently dominate under conditions, where the surface waters are nitrate-depleted and contain phosphate, which is typical of Lake Tanganyika (Edmond et al., 1993; Mziray et al., 2018).
We hypothesize that besides the measurable nutrient stocks, additional factors, such as the nutrient resupply from deeper waters, contribute to the proliferation of diazotrophic cyanobacteria. Brentrup et al. (2016) demonstrated that the relative location of the metalimnion to the euphotic zone thickness can induce shifts in the vertical location of the chlorophyll peak. Besides directly affecting the cell distribution, the layers exhibiting the strongest vertical density differences in the water column, i.e. the metalimnion or the thermocline, also control the vertical transport of nutrients. Assuming that DIN is depleted, whereas phosphate and micronutrients needed for N fixation are available throughout surface waters, another possible niche formation for diazotrophic cyanobacteria could be defined by two scenarios: 1) When the thermocline is located within the euphotic zone, the vertical transport of nitrate into the euphotic zone is rapid (Figure 1A). The chlorophyll peak is then located in the lower part of the euphotic zone, where DIN-assimilating phytoplankton thrive off the available light and nutrients (Vuorio et al., 2003; Descy et al., 2005, 2010). Diazotrophic cyanobacteria are not competitive under these conditions. 2) By contrast, a thermocline below the euphotic zone severely slows down the vertical transport of nitrate into the euphotic zone (Figure 1B). This creates a favorable environment for diazotrophic cyanobacteria near the surface, where they can cause shallow chlorophyll maxima (Descy et al., 2005; Horion et al., 2010).
[image: Figure 1]FIGURE 1 | Two conceptual scenarios explaining the abundance of diazotrophic cyanobacteria and chlorophyll a (Chl) concentrations as response to the thermocline location and the euphotic depth in Lake Tanganyika when surface nitrate (NO3−) is depleted and phosphate available. (A) The thermocline is located within the euphotic zone, facilitating a rapid resupply of deep-water nitrate (NO3−). Dissolved inorganic nitrogen (DIN) assimilating phytoplankton outcompete diazotrophic cyanobacteria and form the subsurface Chl peak, because they are the key players under the high light and nutrient availability in the lower part of the euphotic zone. (B) The thermocline is located below the euphotic zone. The reduced supply of deep-water NO3− into the euphotic zone creates a favourable environment for diazotrophic cyanobacteria, because they can exploit atmospheric nitrogen (N2) as a N source. Diazotrophs are highly abundant near the water surface resulting in a surface Chl peak.
Here, we explore the applicability of these two conceptual scenarios to Lake Tanganyika. We collected a combination of physical, biogeochemical, pigment, and microscopic plankton data during two lake-wide sampling campaigns at the end of the dry season and at the end of the rainy season. The spatial and temporal dynamics of the surface blooms were further constrained with remote sensing images. Moreover, we investigated the metabolic capacities and nitrogen acquisition pathways of different phytoplankton taxa using state-of-the-art metagenomic tools.
MATERIALS AND METHODS
Study Site
The hydrodynamics of Lake Tanganyika (Figure 2A) is controlled by seasonal and regional differences in meteorology. Verburg et al. (2011) distinguished four stages in the annual cycle: 1) The lake is stratified with a stagnant water column during the calm and warm rainy season from November to April. 2) At the beginning of May, cool, southerly trade winds push the surface waters northward, tilting the thermocline and leading to an upwelling in the south. 3) Stratification is further weakened by heat loss to the atmosphere during the dry season from May to September. The latitudinal gradient in heat exchange (Verburg et al., 2011) or the equilibrium flow of the surface water caused by decelerating winds (Delandmeter et al., 2018), reverse the circulation pattern during the late dry season from July to September. 4) Once the trade winds cease in October, the lake circulation slows down and the thermocline gradually re-establishes. This initiates oscillations through internal waves (Naithani et al., 2003) with a secondary upwelling in the north (Plisnier et al., 1999). Variability in the circulation and stratification patterns as well as the magnitude of riverine inflow moderate the abundance of plankton as well as the concentrations of particulate and dissolved organic matter in the upper water column. These effects control the light attenuation, and thus regulate the thickness of the euphotic zone (Plisnier et al., 1999), which can vary between 20 and 70 m (Langenberg et al., 2002) with yearly averages of about 30–40 m (Hecky et al., 1978; Cocquyt and Vyverman, 2005; Descy et al., 2005).
[image: Figure 2]FIGURE 2 | Map of Lake Tanganyika showing the 9 sampling stations in a north-south transect (A). Distribution of the nitrate (B, F), chlorophyll-a(C, G), and phycocyanin concentrations (D, H), as well as the cell abundance of filamentous diazotrophic cyanobacteria (E, I) in Lake Tanganyika. The colored lines depict the locations of the primary thermocline and the euphotic depth as well as shallow and deep secondary thermoclines. The upper panels correspond to the end of the cool dry season (September/October 2017) and the lower panels to the end of the more stratified, warm rainy season (April/May 2018). Dots indicate samples.
Sampling
The hydrodynamic variability in Lake Tanganyika and the complex logistics limit the opportunities for continuous and regular observations of the lake plankton and environmental parameters. In order to combine high spatial coverage with a seasonal perspective, we collected vertical profiles along a lake-wide transect (9 stations) during two cruises at the end of the dry season (28 September - 8 October 2017) and the end of the rainy season (27 April–7 May 2018) (Supplementary Table 1). This sampling approach has been adopted in some previous studies (e.g. Salonen et al., 1999; Stenuite et al., 2009). It allowed us to capture the pronounced north-south differences as well as to observe the Dolichospermum blooms typical for these periods (Hecky and Kling, 1981). During the two lake-wide expeditions, hereafter ‘Sep/Oct’ and ‘Apr/May’, the CTD profiling (Sea-Bird SBE 19plus) and discrete water sampling at 5–25 m depth intervals (Niskin bottles, 20–30 L) were carried out on-board of M/V Maman Benita.
Physical Parameters
The euphotic depth was defined as the depth where 1% of the surface photosynthetic active radiation arrives. Water column stability was calculated as buoyancy frequency (N2) from CTD downcasts using the software SBE Data Processing. Clear peaks in buoyancy frequency were interpreted as thermoclines. Only thermoclines limiting the DIN flux were relevant for our study, i.e. these separating DIN-depleted surface waters from underlying DIN-rich water masses (Supplementary Table 2, hereafter “primary thermoclines”). Other thermoclines will be referred to as “secondary thermoclines”. The surface mixed layer depth was defined as the shallowest depth, where the density gradient was ≥0.01 kg m−4 (Lukas and Lindstrom, 1991). To compare the overall thermal stability of the upper water column among the two sampling occasions, we calculated the Schmidt stability over 1 m2 in the upper 100 m for each station using the R package “rLakeAnalyzer” (Winslow et al., 2019). The Schmidt stability (Schmidt, 1928; Idso, 1973) denotes the energy required to homogenize the water column.
Nutrients
Nutrient subsamples were taken directly from the Niskin bottles and filtered sterile using 0.2 µm cellulose acetate membrane filters. The filtered samples (∼50 ml) were stored for maximum 4 h at 5°C before processing. Subsamples of 5 ml were pipetted into reaction tubes and reagents were added for each nutrient compound (soluble reactive phosphate SRP; ammonium NH4+; nitrate NO3− and nitrite NO2−) following standard methods (Grasshoff et al., 1999; Holmes et al., 1999; Schnetger and Lehners, 2014, respectively). Reagents and standards were prepared freshly each day. Ammonium was analysed with a Turner Trilogy fluorometer, while all other nutrients were measured with a NOVA 60 photometer. The detection limits of these methods were 0.22, 0.34, 0.20, and 0.03 µM on average for SRP, NH4+, NO3−, NO2−, respectively. Sample and standard reproducibility were generally better than 5%. Seston samples were collected by filtering 2–4 L lake water onto pre-combusted GF/F filters (Whatman, United Kingdom) and oven dried at 60°C for 48 h. For quantification of the seston N and P content, filter samples were digested in an autoclave using a potassium persulfate (K2S2O8) solution at land-based facilities. Concentrations of N and P were determined photometrically with the vanadium chloride (Schnetger and Lehners, 2014) and molybdenum blue method (Grasshoff et al., 1999), respectively.
Pigments
Photopigment concentrations were analyzed as proxies for biomass of total phytoplankton (chlorophyll-a) and of cyanobacteria (phycoerythrin and phycocyanin; Salonen et al., 1999). Samples for pigment analyses were filled in 20 or 30 L containers and stored in the dark for maximum 2 h at ambient temperatures. Chlorophyll-a (Chl) concentrations were determined according to the recommendations of Wasmund et al. (2006). Between 2 and 4 L were filtered onto 47 mm glass fibre filters (GF55, Hahnemühle) using a suction pump. The filters were immediately transferred to 15 ml plastic tubes and 5 ml ethanol (>90%) were added, followed by 10 min cold ultrasonification. The samples were stored at 5°C overnight and sterile-filtered using 0.2 µm cellulose acetate membrane filters the next morning. The extracts were measured with a Turner Trilogy fluorometer. We followed the same procedure for measuring the concentrations of phycoerythrin (PE) and phycocyanin (PC) with the distinction of using phosphate buffer (0.05 M, pH neutral) as solvent. Samples were handled and processed in the dark. We calculated the integrals from the water surface to 125 m depth to include only photosynthetically active organisms from the oxygenated epi- and metalimnion.
Phytoplankton Community Analyses
Phytoplankton samples were collected to validate and interpret results from the pigment analyses. Sampling focussed on the medium to large size fractions (>10 µm) of the phytoplankton community and particularly on the bloom forming, diazotrophic cyanobacterium Dolichospermum as well as other bloom-associated taxa. Briefly, phytoplankton samples (4–10 L) were concentrated to 20 ml on a 10 µm plankton net and then immediately fixed with alkaline Lugol solution. 2 ml subsamples were then analyzed by inverted microscopy (×400 magnification). Phytoplankton genera and species were determined according to Komárek and Anagnostidis (1999), Komárek and Anagnostidis (2007), and Streble and Krauter (1988) and detailed taxonomic data are given in Supplementary Table 3. Cyanobacteria were counted as colonies and are therefore numerically underrepresented relative to unicellular phytoplankton within the studied size fraction. To contrast our conservative approach with a cell-based metric, we have determined an average cell number per colony from at least 10 colonies. The average colony size was then used to calculate the final cell numbers. The biovolume of filamentous cyanobacteria (Dolichospermum and Anabaenopsis) was calculated according to Pomati et al. (2020). We calculated the integrals from the water surface to 125 m depth. The Shannon-Wiener diversity index (H) for each sampled depth was calculated from the cell abundance data as
[image: image]
where pi is the relative abundance of species i.
Zooplankton Abundances
We sampled the zooplankton community by vertical net hauls over the entire oxygenated water column (top 150 m) to test, if zooplankton abundance was negatively correlated to the poorly palatable diazotrophic cyanobacteria (Descy and Sarmento, 2008). To collect different size fractions of the zooplankton community, we used nets with three different mesh sizes. The 25 and 95 µm nets with 0.03 and 0.02 m2 mouth openings, respectively, were used for small individuals and a 250 µm net with a 0.28 m2 mouth opening for larger, fast swimming specimens. Zooplankton samples were preserved in ethanol. At land-based facilities, the total zooplankton density was determined via compound microscopy (Leica Wild M3B) under ×200 magnification.
DNA Sampling and Metagenomics
DNA sampling and preservation was done according Mayr et al. (2020) with slight modifications. Samples for metagenomic analyses were collected at station 2 (1 and 20 m depth; April 29th, 2018) and at station 7 (1 and 43 m depth; May 5th, 2018). Lake water was filtered through 0.2 μm cellulose acetate filters, fixed with RNAlater (Sigma Life Science) and stored at 4°C. Upon return to the laboratory, the filters were stored at −80°C. Filters were then thawed and washed with TE buffer (1x) prior to DNA extraction using the AllPrep DNA/RNA extraction kit from Qiagen (Callbeck et al., 2021). The metagenomes were sequenced using the Illumina NextSeq platform to generate 150 bp paired end reads (averaging ∼350 bp in length; Novogene Hong Kong).
The quality of each metagenome was tested using FastQC (Andrews, 2010). Prinseq (Schmieder and Edwards, 2011) was used to trim the metagenomics reads (minimum quality mean: 20; maximum allowed score for low complexity reads: 30). High-quality trimmed reads from each sample were co-assembled into scaffolds using Megahit (Li et al., 2015) with the options--min_contig 1000 and the kmer-length 21,37,47,71,87,95. MetaWRAP (Uritskiy et al., 2018) binning and refinement modules were applied to the co-assembly. Completeness and contamination rates of the final metagenome assembled genomes (MAGs) were assessed using CheckM (Parks et al., 2015). We only used bins that passed a threshold for completion of 50% and contamination rates less than 10% following the established standards (Bowers et al., 2017). MAGs were taxonomically classified using the gtdbtk classify pipeline (Chaumeil et al., 2020). Only MAGs carrying N fixation genes or those assigned to the Phylum of Cyanobacteria were used for further analysis. MAG abundances were assessed using coverM v0.2.0 (https://github.com/wwood/CoverM). Here, raw reads were mapped against the putative genomes and abundance is expressed as the coverage of raw reads on the MAGs. Open reading frame detection and subsequent gene annotation of MAG contigs was performed with prokka (Seemann, 2014). The DNA concentration for the sequencing, the total number of sequences and filtered sequences for each metagenome are summarized in Supplementary Table 4. Statistics from the recovered MAGs, along with completeness, contamination and genome size are summarized in Supplementary Table 5.
Remote Sensing
For qualitatively assessing the horizontal extent and temporal development of surface cyanobacterial blooms, we obtained 300 m resolution water quality maps from Sentinel-3 OLCI data provided by the Copernicus Global Land Service (CGLS, https://land.copernicus.eu/global/, Stelzer et al., 2018). We retrieved the Trophic State Index (TSI) in September-November 2017 and April-May 2018 for Lake Tanganyika. The TSI is formulated in discrete increments corresponding to specific chlorophyll-a concentration ranges (Carlson, 1977), where TSI 0–30 ≈ 0–0.94 mg Chl-a m−3 (oligotrophic), TSI 40–50 ≈ 0.94–6.4 mg Chl-a m−3 (mesotrophic), TSI 60–70 ≈ 6.4–56 mg Chl-a m−3 (eutrophic), and TSI 80–100 ≈ 56–1,183 mg Chl-a m−3 (hypertrophic state).
Breakpoint Analysis
We performed a breakpoint analysis using the R package “segmented” (Muggeo, 2008) to identify the location of a potential threshold values in the relationship between the depth-integrated abundance of diazotrophic cyanobacteria and the depth of the thermocline. For breakpoint estimation, the method uses a simple linearization technique and required exclusion of a single apparent outlier (station 9 in Sep/Oct). We additionally examined whether the relative position of the thermocline to the euphotic depth had an effect on diazotrophic cyanobacteria abundance in Apr/May, whereas we had no irradiance data for such an analysis in Sep/Oct.
RESULTS
Biogeochemical Characterization
Our sampling in Sep/Oct was accompanied by southerly trade winds. By contrast, the weather was calm and rainy in April, whereas the onset of cool trade winds initiated the upward tilting of the thermocline in the southern basin towards the end of the sampling in May (Figure 2; Supplementary Figure 1). Accordingly, Lake Tanganyika was more strongly stratified during Apr/May, as indicated by the higher overall thermal stability of the upper 100 m, ranging from 5.8–8.3 kJ m−2 in Apr/May as compared to 4.2–6.0 kJ m−2 in Sep/Oct. This is further supported by the steeper thermoclines (Figure 2; Supplementary Figure 1; Supplementary Table 2) and N2 values reaching up to 5.0·10–4 s−2 compared to a maximum of 2.7·10–4 s−2 in Sep/Oct. Within each of the two campaigns, the N2 of the primary thermocline was in the same order of magnitude between the stations, varying by a factor of two at most. Beside the primary thermocline, deeper, secondary thermoclines had formed just above the nitrate peak in Sep/Oct (Figure 2; Supplementary Table 2). In Apr/May, this deep hydrodynamic feature was observed only for station 1. At stations 3 and 4, a weak and shallow secondary thermocline was recorded around 30 m depth (Figure 2; Supplementary Figure 1; Supplementary Table 2). The depth of the surface mixed layer ranged from near surface down to 54 m, with no clear latitudinal or seasonal pattern (Supplementary Table 2).
Nitrate was the main form of DIN accessible to phytoplankton (Figure 2), while ammonium and nitrite remained undetectable in the upper 120–150 m. The euphotic zone, characterized in Apr/May, varied between 35.8–54.8 m with an average of 47.3 m. Nitrate was persistently low throughout the upper 50 m of the water column and ranged from 0–4.8 µM (Figures 2B,F). Phosphate varied in a similar concentration range (0–2.2 µM), but was usually detectable (Figure 3; Supplementary Figures 2A,B). In the top 50 m, 50 and 63% of nitrate samples remained below limit of detection in Sep/Oct and Apr/May, respectively, compared to 15 and 22% of phosphate samples. The dissolved inorganic nutrients were N-deficient (98% of all observations with N:P < 16:1) throughout the entire water column (Supplementary Figures 2C,D). The seston N:P ratios in the upper 50 m varied around the Redfield ratio of 16:1. More than 99% of all seston N:P observations ranged between 10:1 and 22:1. Across both campaigns, only four seston samples showed an N:P > 22:1 (Supplementary Figure 3).
[image: Figure 3]FIGURE 3 | Vertical profiles of physicochemical, pigment and phytoplankton data from two exemplary stations at the end of the rainy season (April/May 2018). Station 4 (A) represents a thermocline below the euphotic zone, whereas station 8 (B) exemplifies a thermocline within the euphotic zone. The left panels shows temperature (T), euphotic depth (zeu), nitrate (NO3−), phosphate (SRP), the middle panels depict chlorophyll-a (Chl), phycocyanin (PC), and phycoerythrin, whereas the right panels represent the abundances of diazotrophic cyanobacteria and the Shannon-Wiener diversity index of the phytoplankton community (>10 µm).
The density gradient within the primary thermocline as well as its depth regulated the upward flux of metalimnetic nitrate (with maximum concentrations at 65–135 m) into the overlaying euphotic zone (0–56 m; Figure 2B,F). The primary thermocline was associated with the nutricline (strong vertical gradients in nutrient concentrations), separating nitrate-depleted surface waters from underlying nitrate-rich water masses. Hence, the vertical transport of nitrate into the productive layer was efficient only if the primary thermocline was located within the euphotic zone. In Apr/May, this condition was fulfilled at stations 1, 8, and 9. At stations 2-5, the primary thermocline was located well below the euphotic zone and at stations 6 and 7 near its lower boundary (Figure 2). We did not collect irradiance data in Sep/Oct, but the deepest positions of the primary thermocline (below 40 m) were found in the centre of the lake at stations 4-6.
Pigment Distribution and Remotely Sensed Trophic State Index
The Chl maximum was usually located between 30 and 50 m, i.e. at the bottom of the euphotic zone (Figures 2C,G, 3B). Exceptions from this general pattern occurred in Apr/May when the primary thermocline was positioned below the euphotic zone (stations 2–6) (Figures 2, 3A) and to a lesser extent in Sep/Oct when the primary thermocline was below 40 m (stations 4–6). In these cases, the main or secondary Chl peak was located at or near the water surface and the PE and PC concentrations were highest in surface waters (Figures 2D,H; Supplementary Figure 4). At other stations, the PE and PC concentrations were generally low (<0.1 μg PC L−1 and <0.001 μg PE L−1, respectively). The concentrations of PE and PC were significantly correlated with the abundance of filamentous diazotrophic cyanobacteria throughout the entire study (p < 0.001; Pearson correlation coefficients: 0.52–0.88).
In congruence with the location of the surface Chl peaks observed in our vertical profiles, the remotely sensed trophic state index (TSI) revealed elevated surface Chl concentrations in the northern and central basins during our sampling campaigns, i.e. at stations 4-6 in Sep/Oct and stations 1-5 in Apr/May (Figure 4). Apart from these patterns in offshore waters, high TSI signals in coastal areas were associated with riverine inputs, such as the Malagarasi inflow.
[image: Figure 4]FIGURE 4 | Trophic State Index (TSI) products based on Sentinel satellite data illustrating elevated surface chlorophyll-a concentrations corresponding to filamentous cyanobacteria in the northern and central part of Lake Tanganyika during the expeditions (A) in September/October 2017 and (B) April/May 2018.
Microscopic Phytoplankton Community
Filtering our samples through a 10 µm mesh allowed us to quickly accumulate sufficient material for a quantitative analysis of diazotrophic cyanobacteria. Of these Dolichospermum sp. was always the dominant taxon (we found only a few colonies of Anabaenopsis tanganyikae in the south). Dolichospermum was most abundant in the north and centre of the lake, where the primary thermocline was located below the euphotic zone (Apr/May only) or deeper than ∼40 m (Figures 2E,I). This observation is supported by our breakpoint analysis (Figure 5) showing a threshold depth in the relationship between the relative abundance of filamentous diazotrophic cyanobacteria and primary thermocline at 36.7 m (except station 9 in Sep/Oct and station 7 in Apr/May). By contrast, the abundances of diazotrophic cyanobacteria did not show a clear trend with respect to the depth of the surface mixed layer (Figure 6). We observed the highest abundances of Dolichospermum and total large-celled phytoplankton (1.2·109 colonies m−2 and 3.3·109 ind. m−2, respectively) at station 3 during Apr/May (Figure 2; Supplementary Figures 5, 6). We did not detect a significant relationship between zooplankton (Supplementary Figure 7) and diazotrophic cyanobacteria (p > 0.1, Spearman rank correlation tests).
[image: Figure 5]FIGURE 5 | The depth-integrated abundance of diazotrophic cyanobacteria colonies for the 9 sampling stations plotted (A) as a function of primary thermocline depth for the end of the dry season (September/October 2017) and the end of the rainy season (April/May 2018) and (B) against the distance between euphotic depth and primary thermocline location for the warm season (irradiance data for Sep/Oct missing). In Sep/Oct, the diazotrophic cyanobacteria abundances were high if the thermocline was located below 40 m. A breakpoint analysis identified 36.7 m as breakpoint location in the relationship between these two variables. In Apr/May, the abundances of diazotrophic cyanobacteria were high if the thermocline was located below the euphotic zone.
[image: Figure 6]FIGURE 6 | The depth-integrated abundance of diazotrophic cyanobacteria colonies for the 9 sampling stations plotted as a function of surface mixed layer depth for the end of the dry season (blue: September/October 2017) and the end of the rainy season (red: April/May 2018).
In congruence with the abundance data, the average biovolume of diazotrophic cyanobacteria in the top 25 m varied between 0 and 130 mm3 m−3 (station 3 Apr/May; Figure 7). The average Dolichospermum colony consisted of 36 and 44 vegetative cells and up to 4 heterocysts in Sep/Oct and Apr/May, respectively (Figure 8). Often, we found single Nitzschia (diatoms) cells or entire clusters entangled in Dolichospermum colonies (Figure 8). Less frequently, other taxa such as Oocystis (chlorophytes) and other chlorophytes were apparently associated to Dolichospermum colonies.
[image: Figure 7]FIGURE 7 | The average biovolume of filamentous, diazotrophic cyanobacteria in the top 25 m and Shannon-Wiener diversity index of the depth-integrated phytoplankton community (>10 µm) during (A) the end of the dry season (September/October 2017) and (B) the end of the rainy season (April/May 2018).
[image: Figure 8]FIGURE 8 | Microscopic images of Dolichospermum colonies with heterocysts and potential associations with other taxa at various sites during September/October 2017 (top) and April/May 2018 (bottom). Panels (A, F) show Dolichospermum colonies in the absence of other taxa. Panels (B,C) depict Nitzschia and Oocystis cells in close vicinity of Dolichospermum colonies, whereas (D,E) reveal clusters of Nitzschia apparently being entangled in Dolichospermum colonies.
The Shannon-Wiener diversity index of the studied phytoplankton community fraction (>10 µm) was highest in the top 50 m (Figure 3), where it ranged from 0.1–1.9 in Sep/Oct and 0.1–2.0 in Apr/May, respectively. The depth-integrated values ranged from 0.4–1.8 in Sep/Oct and 0.2–2.1 in Apr/May, respectively (Figure 7). During both campaigns, the minimum Shannon-Wiener diversity index coincided with the “bloom” of diazotrophic cyanobacteria. Overall, the sampled medium- to large-sized fraction of the phytoplankton community was dominated by chlorophytes, diatoms, and cyanobacteria with respectively lower contributions from dinophytes and euglenophytes (Supplementary Figures 5, 6). Notably, cyanobacterial colonies were counted as one individual for the conservative analysis in Supplementary Figure 5. Thus, colony-forming cyanobacteria (i.e., Microcystis and filamentous diazotrophic cyanobacteria) are underrepresented compared to unicellular taxa. Their contribution to total phytoplankton abundance is much higher when based on the average cyanobacterial colony size (i.e., cell number) in the studied phytoplankton size fraction (Supplementary Figure 6).
Metagenomics
Using MAGs, we have analysed phytoplankton taxa carrying N fixation genes and all identified cyanobacteria. In our samples, the only photoautotrophic MAG with a complete N fixation operon, consisting of nifHDK, corresponded to the genus of Dolichospermum (95%; Figure 9). Dolichospermum also exhibited the capacity to assimilate a full spectrum of dissolved inorganic nitrogen species (nrgA, narB, and nrtABCD) and had numerous transporter genes involved in C, N, P, Fe, and micronutrient exchange, e.g. nrgA and efeU. In contrast to Dolichospermum, MAGs corresponding to the picocyanobacteria Cyanobium (96%) and Vulcanococcus (99%) contained no nitrogenase genes, thus precluding N fixation by these cyanobacterial taxa (Figure 9). While Cyanobium appeared to be specialized on nitrate uptake (6 copies of the nitrate import permease nrtABCD), Vulcanococcus showed the metabolic potential for both, nitrate and ammonium assimilation (nrgA, narB, and nrtABCD).
[image: Figure 9]FIGURE 9 | Genes involved in nitrogen fixation (nifHDK, anfG, and vnfDKGH), dissolved inorganic nitrogen uptake (amt, narB, and nrtABCD), and photosynthesis from the metagenome assembled genomes identified as the picocyanobacteria Cyanobium and Vulcanococcus as well as the filamentous cyanobacterium Dolichospermum. nrgA and efeU are responsible for nitrogen and iron exchange in Dolichospermum-diatom symbioses, respectively (Nieves-Morión et al., 2020).
DISCUSSION
The Role of the Thermocline for Diazotrophic Cyanobacteria
Our data imply that high densities of diazotrophic cyanobacteria (esp. Dolichospermum) were associated to a reduced DIN resupply to the surface waters in Lake Tanganyika (Figure 2). This hypothesis is further supported by a breakpoint analysis indicating that the location of the primary thermocline (Figure 5A) and its position relative to the euphotic depth (Figure 5B), can be an important driver of diazotrophic cyanobacteria abundances by controlling the upward DIN transport into the euphotic zone. The modelled threshold depth of 37 m corresponds well to previous estimates of the mean euphotic zone thickness in Lake Tanganyika, ranging mostly between 30 and 40 m (Cocquyt and Vyverman, 2005; Descy et al., 2005).
Stations 2-5 during April/May provide a striking example where high abundances of diazotrophic cyanobacteria occurred in association with a low nitrate availability (Figures 2, 3A). Here, the surface zone was nitrate-depleted, whereas phosphate was available in excess. In addition, the resupply of nitrate was slowed down by a deep primary thermocline situated well below the euphotic zone. This potentially created preconditions favoring diazotrophic cyanobacteria near the surface, where irradiance is high (Ward et al., 2013; Follett et al., 2018). The low Shannon-Wiener diversity index suggests that diazotrophic cyanobacteria were dominating in the studied size fraction (>10 µm) of the phytoplankton community under these conditions. Congruently, the accumulations of diazotrophic cyanobacteria were also detected as shallow Chl maxima (also see Brentrup et al., 2016, for vertical shifts of Chl peaks). We cannot completely preclude the activity of other diazotrophs in surface water of Lake Tanganyika, but our metagenomic analyses support that Dolichospermum was the only diazotrophic phytoplankton species during our survey (Figure 9). In addition, the high frequency of heterocysts observed in the collected Dolichospermum colonies indicate active N fixation (Figure 8). Nitrogen fixation may have contributed to a balanced nutrient supply of the surface phytoplankton community, as implied by the approximate Redfield stoichiometry of our seston samples (Supplementary Figure 3; Bootsma and Hecky, 1993; Hecky et al., 1991).
The distribution of diazotrophic cyanobacteria assessed by microscopy is affirmed by high PE and PC signals at stations 2–6 (Apr/May) and 4–6 (Sep/Oct), with both PE and PC significantly correlating with the abundance of diazotrophic cyanobacteria (Figure 2; Supplementary Figure 4). The PE and PC concentrations can also relate to picocyanobacteria, which often dominate in Lake Tanganyika (Descy et al., 2005; Descy et al., 2010; Stenuite et al., 2009). However, at stations with a low nitrate supply, diazotrophic cyanobacteria reached biovolumes between 20 and 130·105 mm3 m−3. These estimates are well in range or higher than the total biovolume of the pico-to nano-phytoplankton fraction estimated previously (De Wever et al., 2005). Moreover, picocyanobacteria apparently prefer high nutrient conditions in Lake Tanganyika (Descy et al., 2010). Correspondingly, our MAGs revealed that they rely solely on nitrate, ammonium, or organic compounds as N sources, with Cyanobium being particularly specialized in taking up nitrate (Figure 9). For bridging N-starvation periods, picocyanobacteria are known to degrade their phycobilisomes (composed of PE and PC) to generate bioavailable N (Lahmi et al., 2006; Di Cesare et al., 2018). Thus, we interpreted the near-surface peaks in PC and PE at stations 4–6 (Sep/Oct) as well as 2–6 (Apr/May) as coming from diazotrophic cyanobacteria with possibly lower contributions from picocyanobacteria.
In contrast to the observations from stations 2–5 (Apr/May) and 4–6 (Sep/Oct), station 8 (Apr/May) is an illustrative example where the relatively high nitrate supply possibly constrained diazotrophic cyanobacteria (Figure 3B). Although surface nitrate concentrations were persistently low, the shallow primary thermocline located well within the euphotic zone apparently facilitated a rapid nitrate resupply, which sustained a non-diazotrophic phytoplankton community. Our observations of the medium- to large-sized phytoplankton (>10 µm), revealed that diatoms (esp. Navicula, Cymbella, and Nitzschia) and chlorophytes, rather that filamentous cyanobacteria, dominated the studied community fraction. These non-diazotrophic phytoplankton taxa were associated to the Chl maximum at the bottom of the euphotic zone, where both light and nutrients were available. The concentrations of PE and PC were lower and likely stemmed from picocyanobacteria (Stenuite et al., 2009), which we would expect to be abundant under these conditions (Descy et al., 2005; Descy et al., 2010).
In Apr/May, the formation of a shallow, secondary thermocline may have played an additional role in stimulating the growth and accumulation of diazotrophic cyanobacteria. At the center of the Dolichospermum “bloom” at stations 3 and 4, we observed a weaker, secondary thermocline at ∼30 m (Figure 2; Supplementary Figure 1; Supplementary Table 2), which further slowed down the nitrate resupply to the surface mixed layer. We speculate that this surface thermocline may have formed through convective processes. The weather was sunny during our sampling in the south, whereas it was rainy and cloudy at the northern stations (1–5). In the tropics, only a few cloudy days or one single storm can generate sufficient cooling of the surface waters to create an additional surface mixed layer superimposed on the deeper mixed layer (Lewis, 1987). Following this line of argumentation, we interpret the small nitrate peak at station 3 at 35 m (Figure 2F) as regenerated DIN originating from the local degradation of the surface phytoplankton biomass within the shallow thermocline.
Alternatively, the shallow surface thermocline may have resulted from the lateral inflow of the Malagarasi river. However, neither pH nor conductivity or dissolved organic carbon values (Supplementary Figure 8) in this water mass indicate a riverine origin of this layer (Athuman and Nkotagu, 2013). Therefore, a convective mechanism offers a more plausible explanation. The limited influence of the river inflow is also supported by our analysis of the satellite images showing that the river plume induced elevated surface production only in close proximity of the delta spreading out northward, i.e. in opposite direction of the surface “bloom” in offshore waters, which spanned over the entire central basin and parts of the north basin (Figure 4). Overall, we note that a shallow surface mixing likely benefited filamentous cyanobacteria, but did not represent a unifying precondition for their growth during our sampling. This observation relates also to the lack of a significant relationship between the mixed layer depth and the abundance of these diazotrophs (Figure 6).
Other Potential Controls on Diazotrophic Cyanobacteria
The presence of the two outliers in the breakpoint analysis (Figure 5) deserves some further consideration. For example, at the southernmost station 9 in Sep/Oct we observed comparably low, but detectable abundances of diazotrophic cyanobacteria (8.5·107 colonies m−2) despite weak stratification (Supplementary Table 2) and high surface nitrate concentrations (Figure 2). For this specific observation, we attribute the stimulation of diazotrophic cyanobacteria to the exceptionally high excess phosphate (N:P < 4:1) from upwelling or dry season mixing (Plisnier et al., 1999; Verburg et al., 2011). This situation is analogous to observations from coastal ecosystems, where blooms of diazotrophic cyanobacteria are triggered by nutrient pulses with low N:P (Vahtera et al., 2007). The subsequent formation of the surface bloom of diazotrophic cyanobacteria at the southern end of the lake (Figure 10) was likely coupled to a gradual decrease in DIN availability, which favors phytoplankton capable of fixing nitrogen (Hecky and Kling, 1981; Descy et al., 2005). This argument stands well in line with our initial hypothesis and the observations outlined above, where diazotrophs have a competitive advantage when DIN is depleted and the resupply is slow (Horion et al., 2010). Some other contrasting patterns in diazotrophic cyanobacteria distribution, i.e. their absence at station 7 in Apr/May, could be attributed to a lagged response of the phytoplankton community to immediate changes in DIN resupply. For instance, when the thermocline deepens rapidly below the euphotic zone, then diazotrophic cyanobacteria will become abundant only after non-diazotrophs have consumed the replenished DIN in the euphotic zone below a degree that it may constrain their growth.
[image: Figure 10]FIGURE 10 | Trophic state index (TSI) based on Sentinel satellite data showing the evolution and decay of the surface bloom in the south of Lake Tanganyika during and after the sampling campaign in 2017. The maps are calculated as averages from 2-4 single images created within the indicated time intervals. The duration of the cruise is shown on top. Numbers indicate the sampling stations.
A critical analysis of the nitrate data and the diazotrophic cyanobacteria abundances reveals an apparent controversy: In cases where the primary thermocline was located within the euphotic zone, the surface zone above the thermocline was sometimes virtually nitrate-exhausted, but diazotrophic cyanobacteria remained scarce. From a physical perspective, such a shallow thermocline will retain sinking particles within the euphotic zone and thus enhance remineralization, providing freshly regenerated DIN for DIN-assimilating taxa. Moreover, diazotrophs might be Fe-limited when DIN-assimilating phytoplankton thrive. Despite high atmospheric Fe inputs in the savannah-like landscape, some authors claimed that due to the high pH of the surface water, bioavailability of Fe may be low for some phytoplankton taxa (North et al., 2008; De Wever et al., 2008). Enhanced activity of DIN-assimilating taxa will further exhaust Fe that would otherwise be available for the Fe-expensive N fixation (Maldonado and Price, 1996). An additional ecological driver for diazotroph abundance may operate by mutualistic interactions between diazotrophs and diatoms (Foster and O’Mullan, 2008; Foster and Zehr, 2019). The physical associations between those two taxa observed in our study (Figure 8) were already previously reported in Lake Tanganyika (Van Meel, 1954), and we additionally identified key transporter genes involved in macro- and micronutrient exchange within diazotroph-diatom symbioses (Figure 9; compare with Nieves-Morión et al., 2020). Single cell techniques revealed that diazotrophic cyanobacteria fix up to 420 times more N in the presence of their diatom partner (Foster et al., 2011), but elucidating the relevance of such interactions in Lake Tanganyika requires further experimental work.
Support for the Conceptual Scenarios
Overall, our study provides first observational support for the concept outlined in Figure 1: when the euphotic zone is nitrate-exhausted and phosphate (as well as other micronutrients) are available, the location of the thermocline relative to the euphotic zone controls the resupply of deep-water DIN to surface waters, and thus potentially creates preconditions for blooms of diazotrophic cyanobacteria. This concept provides an additional bottom-up mechanism for the proliferation of diazotrophic cyanobacteria beyond the seasonal succession at the beginning of the rainy season.
Alternative explanations include selective retention of diazotrophs in surface waters. For instance, horizontal transport or grazing resistance could result in the accumulation of filamentous cyanobacteria (Salonen et al., 1999; Descy et al., 2010), although we identified no significant correlation between the abundances of zooplankton and filamentous cyanobacteria. However, even if selective retention plays a role, diazotrophic cyanobacteria first need to find suitable conditions to grow before their biomass can be accumulated by physical or biological processes. Mechanisms stimulating the aggregation of cyanobacteria as well as thermocline oscillations (Naithani et al., 2003; Naithani and Deleersnijder, 2004), which would affect the theoretical scenarios outlined above, may together contribute to the spatiotemporal variability of diazotrophic cyanobacterial (Horion et al., 2010). To reduce effects of thermocline oscillations during our sampling, both field campaigns were scheduled when internal waves should have been relatively minor, i.e. when the thermocline just re-stabilizes (Sep/Oct) and when internal waves already lost energy over the course of the calm rainy season (Apr/May). The applicability of our concept is, by design, limited to the snapshot sampling and requires further field and experimental validation; but, recent modelling (Follett et al., 2018) and previous field studies (Post et al., 2002; Cocquyt and Vyverman, 2005; White et al., 2007; Dore et al., 2008) support the idea that, during periods of strong stratification, a reduced resupply of DIN to the surface waters can provide favorable conditions for diazotrophic cyanobacteria in oligotrophic lakes and marine ecosystems.
Overall, our field study illustrates that, under DIN-depleted conditions, the resupply of nitrate from deeper waters may be an important precondition for the proliferation of diazotrophic cyanobacteria in Lake Tanganyika. Better understanding relevant ecological factors requires in-depth investigation of the interactions between diazotrophic cyanobacteria and other phytoplankton. Moreover, our results imply that the fluorometric determination of extracted phycoerythrin and phycocyanin can provide a suitable proxy for filamentous cyanobacteria, when they occur in high densities. Given that stratification increases with ongoing climate change, it is critical to evaluate the contribution of the proposed mechanism to cyanobacterial proliferation in oligotrophic lacustrine ecosystems.
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Supplementary Figure 1 | Temperature profiles of all nine sampling stations during September/October 2017 (A) and April/May 2018 (B), including the approximate depths of the primary and secondary thermocline.
Supplementary Figure 2 | Contour plot showing the distribution of the phosphate (SRP) and the dissolved inorganic nitrogen (DIN) versus phosphate ratios in Lake Tanganyika during (A, C) the end of the dry season (September/October 2017) and (B, D) the end of the more stratified rainy season (April/May 2018). Dots indicate samples.
Supplementary Figure 3 | The molar N:P ratios of seston during the end of the dry season 2017 (Sep/Oct) and the end of the rainy season 2018 (Apr/May) in Lake Tanganyika. Data is shown for the upper 50 m, encompassing the euphotic zone and the chlorophyll maximum. The dotted red line represents the cut-off for P limitation defined by previous studies (Healey and Hendzel, 1979; Guildford and Hecky, 2000; Stenuite et al., 2007), with P limitation occurring at ratios >22.
Supplementary Figure 4 | Phycoerythrin concentrations during (A) the end of the dry season (Sep/Oct 2017) and (B) the end of the rainy season (Apr/May 2018) in Lake Tanganyika. Dots indicate samples.
Supplementary Figure 5 | The depth-integrated phytoplankton abundances (A,B) and community compositions (C,D) of the >10 µm size fraction during the end of the dry season (September/October 2017) and the end of the rainy season (April/May 2018). The depth of taxonomic hierarchy varies to highlight functionally relevant taxa. We divided diatoms into the genus Nitzschia and others. Cyanobacteria were partitioned by genus with the exception of Dolichospermum and Anabaenopsis. We pooled these heterocystous and filamentous genera due to their capability of fixing atmospheric nitrogen (diazotrophs). Note cyanobacterial colonies (Microcystis and diazotrophs) were treated as one individual and are thus, underrepresented compared to the unicellular taxa (see also Supplementary Figure 6).
Supplementary Figure 6 | The depth-integrated phytoplankton cell abundances (A, B) and community compositions (C, D) of the >10 µm size fraction during the end of the dry season (September/October 2017) and the end of the rainy season (April/May 2018). The depth of taxonomic hierarchy varies to highlight functionally relevant taxa. We divided diatoms into the genus Nitzschia and others. Cyanobacteria were partitioned by genus with the exception of Dolichospermum and Anabaenopsis. We pooled these heterocystous and filamentous genera due to their capability of fixing atmospheric nitrogen (diazotrophs). Note that the number of cells of colony forming cyanobacteria (Microcystis and diazotrophs) were calculated from an average number of cells per colony.
Supplementary Figure 7 | Total zooplankton abundances of different size fractions (25, 95, and 250 µm) for (A) the end of the dry season (September/October 2017) and (B) the end of the rainy season (April/May 2018). Note that the y-axis is logarithmic.
Supplementary Figure 8 | Vertical profiles of physical, biogeochemical and biological data from station 3 at the end of the rainy season (April/May 2018). The left panel shows temperature (T) and euphotic depth (zeu) as well as the nitrate (NO3−), phosphate (SRP), chlorophyll-a (Chl), and phycocyanin (PC) concentrations, whereas the right panel exhibits conductivity, pH, turbidity and the dissolved organic carbon (DOC) concentrations.
Supplementary Table 1 | Station dates and coordinates of the two expeditions at the end of the dry season (September/October 2017) and at the end of the rainy season (April/May 2018).
Supplementary Table 2 | Depth and strength, measured as buoyancy frequency (N2), of the thermocline, mixed layer depth, and euphotic depth (zeu) during the end of the dry season (September/October 2017) and the end of the rainy season (April/May 2018). At some stations, secondary thermoclines had formed. The primary thermoclines separated nitrate-depleted surface waters from underlying nitrate-rich waters (Figures 1, 5; Supplementary Figure 4).
Supplementary Table 3 | List of taxa identified by microscopic phytoplankton community analyses.
Supplementary Table 4 | Overview of the metagenome samples, including the sampling date and depth, as well as the number of raw and filtered sequences (after using prinseq), and the accession number in the NCBI database.
Supplementary Table 5 | MAG statistics (completeness, contamination, GC, N50 and size) and taxonomic annotation.
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