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The phytoplankton community is a highly diverse group of microscopic, photosynthetic organisms responsible for 50% of the global primary production. The predicted shift in ocean salinity due to climate change threatens phytoplankton, resulting in compositional shifts and changing biodiversity patterns. This study investigates intraspecific multi-trait variability and plasticity of Alexandrium ostenfeldii and Skeletonema marinoi along a salinity gradient. Multiple traits were measured for five strains of each species grown at six salinity levels (0, 5, 15, 20, 30, and 35 psu) and combined in the principal component analysis. Cell size contributed 52% to the total variation in traits composition and significantly differed between species. The trait plasticity of A. ostenfeldii was significantly higher than S. marinoi, and the highest trait plasticity was observed at 15 psu in both species. In addition to morphological traits, A. ostenfeldii was characterized by high plasticity of cellular carbon content and a higher C:P ratio at low salinity levels. Overall, the results suggest a high variation in traits plasticity between phytoplankton strains, emphasizing the importance of intraspecific diversity to maintain ecosystem functions under changing environmental conditions.
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Introduction

The phytoplankton community is a taxonomically diverse group composed of microscopic photosynthetic organisms ranging from ~2 to 200 μm (Sieburth et al., 1978; Beardall et al., 2009; Finkel et al., 2010). Phytoplankton contribute ~ 50% to the global primary production (Field et al., 1998), play an essential role in elemental recycling (Arrigo et al., 1999), and energy transfer to higher trophic levels (Striebel et al., 2012). The large diversity of phytoplankton traits allows different species and genotypes to coexist, exploiting various resources and colonizing different aquatic environments from freshwater to marine systems (Hutchinson, 1961). Moreover, community diversity helps maintain ecosystem functions when disturbances occur (Ptacnik et al., 2008; Flöder and Hillebrand, 2012; Vallina et al., 2017). Hence, it is crucial to understand how biodiversity is maintained, regulated, and affected by biotic and abiotic factors.

There are two sources of biodiversity in a community: between species (interspecific) and within species (intraspecific). The interspecific diversity is more significant for direct ecological responses (e.g., primary production and consumption). In contrast, intraspecific diversity has a more indirect ecological meaning, mediated through selection and local adaptation (Des Roches et al., 2018). Despite the importance of both inter-and intraspecific trait variability for species coexistence (MacArthur and Levins, 1967; Abrams, 1983; Violle et al., 2012), most of our understanding of species co-occurrence is based on mean trait values and variances at the species level (Cavender-Bares et al., 2004; Šímová et al., 2015; He et al., 2021), and it has been assumed that traits should vary more between than within species (McGill et al., 2006). However, intraspecific diversity has been the focal point of Darwin’s arguments on how natural selection works in a population (Darwin and Kebler, 1859; Williams, 1966) since interactions with the biotic and abiotic environment occur at an individual level through gene expression.

Intraspecific diversity has been demonstrated to promote species coexistence and affect community dynamics (Menden-Deuer and Rowlett, 2014; Fontana et al., 2018; Menden-Deuer et al., 2021). Changes in the aquatic environment, such as the predicted shift in salinity regime, wherein evaporation-dominated regions are becoming saltier and precipitation-dominated regions are becoming fresher (Durack and Wijffels, 2010; Durack et al., 2012), can potentially reduce phytoplankton diversity by creating a stable but extreme salinity state that is limited to species that can persist. However, intraspecific diversity can facilitate population growth in such an extreme environment by promoting niche complementarity among genotypes (Bolnick et al., 2011; Violle et al., 2012).

Salinity is an important environmental parameter affecting phytoplankton diversity and composition (Kipriyanova et al., 2007; Quinlan and Phlips, 2007). Salinity level strongly varies temporarily and spatially in estuarine and coastal areas, while inland lakes and open oceans have a more stable and narrower salinity range. The Baltic Sea is characterized by strong salinity fluctuations, and salinity is predicted to decline in the future (Meier et al., 2012) due to increased freshwater inflow from the atmosphere and land (Lehmann et al., 2021). Vuorinen et al. (2015) predicted a salinity of less than 7 psu for the entire Baltic Sea by 2060, a bottleneck for many freshwater and marine species, including phytoplankton (Olli et al., 2019).

Salinity affects osmotic regulation (Kirst, 1989; Campbell et al., 2019) and ion transport (Guillard and Ryther, 1962) of phytoplankton cells, as well as their photosynthetic (D’ors et al., 2016) and respiratory rates (Qasim et al., 1972; Mohammed and Shafea, 1992; Flameling and Kromkamp, 1994). Furthermore, osmotic stress has been found to cause oxidative stress to the cells (Hernando et al., 2015), and affects rates of net carbon fixation (Miller and Kamykowski, 1986). Given the effects of salinity on phytoplankton physiology, it is crucial to determine the mechanisms of how the phytoplankton community would respond to the predicted freshening and salinization of aquatic environments. Studies have shown that different taxa have different strategies for responding to salinity change (Brown, 1982; Fuji et al., 1999; Saros and Fritz, 2000; Barron et al., 2002; Moisander et al., 2002; Matsuyama et al., 2004), which affect their distribution (Thessen et al., 2005), and the diversity of phytoplankton communities (Olli et al., 2019). A fresher and a saltier future ocean could put high selection pressure on some traits, such as synthesizing osmoticums and shifts in cell size (Finkel et al., 2010), leading to changes in the composition, functional roles, and services the phytoplankton community provides.

In this study, a multivariate trait-based approach (Argyle et al., 2021) was used to determine intraspecific variation in the distribution of traits among two phytoplankton species: Skeletonema marinoi (diatom) and Alexandrium ostenfeldii (dinoflagellate) at different salinity levels (0, 5, 15, 20, 30, 35 psu). The genus Alexandrium is one of the most ecologically important phytoplankton species, which can cause harmful algal blooms and massive fish kills (Mortensen, 1985; Cembella et al., 2002), morbidity and mortality of marine mammals (Durbin et al., 2002; Doucette et al., 2006). Furthermore, high intraspecific variability was demonstrated by A. ostenfeldii under different environmental conditions such as temperature and elevated pCO2 (Kremp et al., 2012; Brandenburg et al., 2021). Skeletonema is a prominent genus during spring bloom events in the North Atlantic, the Baltic Sea (Wasmund et al., 1998; Spilling et al., 2018), and during upwelling blooms in the tropics. Both species are genetically diverse, known to tolerate a wide range of salinity conditions, and thrive under the brackish conditions of the Baltic Sea. Their responses to salinity change can give insights into the observed shift from diatom to dinoflagellate dominated phytoplankton communities in different Baltic Sea basins during the spring (Klais et al., 2011), and summer season (Suikkanen et al., 2007), which could have implications to the biogeochemical cycling (Spilling et al., 2018).

We tested if the use of a multivariate trait-based approach allows us to uncover different strategies of A. ostenfeldii and S. marinoi in response to salinity stress (H1). The two species are distinct in cell size, carbon content, and nutrient affinity (Menden-Deuer and Lessard, 2000); therefore can have different trade-offs when exposed to salinity change. Extreme salinity levels, especially low salinity conditions, could put intense selection pressure on certain traits, reducing overall trait variation. Therefore, we expected higher trait plasticity at intermediate (15-20 psu) compared to extreme (0 and 35 psu) salinity levels (H2). We also hypothesized that trait plasticity differs between strains (H3). Therefore, the ability of A. ostenfeldii and S. marinoi to grow in a wide range of salinity conditions could be attributed to high intraspecific plasticity in their response to salinity stress.



Materials and Method


Phytoplankton Cultures

We used five strains of Skeletonema marinoi and five strains of Alexandrium ostenfeldii from the FINMARI algae culture collection at the Tvärminne Zoological Station. The strains of S. marinoi (C1406, C1407, C1412, C1418, and C1428) were isolated from different locations in the Bothnian Sea, while the strains of A. ostenfeldii were isolated from different locations in the Åland Sea (AOF0913, AOF0936, AOF0940, and AOK1024) and Gotland (AOVA0930). The Bothnian Sea and Åland Sea are sub-divisions of the Gulf of Bothnia with a 4-5 psu salinity range, while Gotland is located in the Baltic Proper characterized by salinities of 7-8 psu (Meier et al., 2022). All strains were cultivated in F/2 medium (NO3 = 888 μM, PO4 = 36 μM, Si = 106 μM, trace metals and vitamins), and acclimated to the experimental conditions (temperature = 16°C, photosynthetic photon flux density = 150 μmol photon m-2 s-1, light-dark cycle = 16:8 h, sunlight spectrum Aquarius plant LED, AB Aqua Medic GmbH).



Experimental Set-Up

The strains of S. marinoi and A. ostenfeldii were incubated in media (600 mL) with different salinity levels (0, 5, 15, 20, 30, and 35 psu). Three replicates for each treatment (strain x salinity level) were prepared, resulting in 90 experimental units for each species (180 experimental units in total). The set-up was incubated under the same nutrient, temperature, and light conditions as during the acclimation period. The starting algal biomass of the experimental units (day 0) was equally based on the chlorophyll a (chl a) fluorescence of the stock cultures. The first chl a fluorescence measurement was done < 24 hours after the units were prepared and was used as the initial biomass for each treatment.

During the incubation period, chl a fluorescence was used as a proxy to monitor the growth of each experimental unit. This approach allowed us to take samples every other day using only a small aliquot volume (2.5 mL). The samples were analyzed using Varian Cary Eclipse fluorescence spectrophotometer. Treatment was terminated when the stationary phase was reached or when no significant change in chl a fluorescence was observed for several monitoring days after day one.



Final Sampling and Traits Measurements

Different traits were estimated for each strain (Table 1). Samples from each stock culture were collected for the following analyses: chl a content, residual dissolved inorganic nutrients (NO3, NH4, PO4, Si), particulate organic nutrients (POP, POC, PON), microscopic cell counting, and size measurements. The same set of samples was collected when treatments were terminated.


Table 1 | Phytoplankton traits estimated in five strains of A. ostenfeldii and S. marinoi.



To estimate chl a content, samples were collected on GF/F filters. The chl a extraction was performed in the dark for 24 h using 94% ethanol. The chl a concentration was estimated by measuring the fluorescence of supernatant (Varian Cary Eclipse fluorescence spectrophotometer, excitation 430 nm, emission 670 nm). Samples were then normalized to total cell count to estimate cellular chl a content.

Samples for POP, POC, and PON were collected on acid-washed and combusted GF/F filters. For POP samples, filters were combusted at 450°C for 4 h and analyzed following Koistinen et al. (2017). To estimate POC and PON content, filters containing organic material were dried at 60°C for 24 h, folded into tin caps, and measured using an elemental analyzer (Thermo Scientific EA Flash 2000).

Samples for residual dissolved inorganic nutrients (NO3, NO2, NH4, and SiO4 for S. marinoi) were filtered through cellulose acetate membrane filters (0.2 μm pore size) and analyzed using a continuous flow autoanalyzer (AAII) after Hansen and Koroleff (2007).

Samples for microscopic cell counting and size measurements were preserved using acidified Lugol’s iodine solution. Cell density was estimated using DM IRB inverted microscope (Leica, Wetzlar, Germany) under 500x magnification, following the Utermöhl’s method (Utermöhl, 1958).

The specific growth rate was calculated based on Chl a fluorescence measurements taken every other day using the following equation:

Equation 1. Specific Growth Rate

	

Where, f’0 = chl a fluorescence at the start of the exponential phase (a.u.),

f ‘ = chl a fluorescence at the end of the exponential phase (a.u.),

Δt = duration of the exponential phase (day) Negative values were set to 0, assuming no significant growth. Maximum chl a fluorescence (Fmax) was estimated as the highest chl a fluorescence value observed during the incubation period.

Cell width and length were measured with the aid of Leica camera software for at least 50 individual cells. Biovolume and surface area were calculated after Hillebrand et al. (1999), using the equation for prolate spheroid for A. ostenfeldii and cylinder + 2 half-spheres for S. marinoi.

Nutrient uptake rates (NO3, PO4, and Si) were estimated using the final residual inorganic nutrients concentration. The initial concentration of nutrients was based on F/2 media concentrations. The following equation was used:

Equation 2. Nutrient Uptake Rate

	

Where, Nt1 = F/2 media concentration (µM),

Nt2 = residual nutrient concentration at the termination day (µM),

C = cell density at the day of termination (cell ml-1)

Δt = period of incubation (day) Negative values were converted to 0, assuming no significant uptake.



Statistical Analysis

The difference in traits distribution between the two species was established by performing a principal component analysis (PCA) of common traits measured for both species. After that, the intraspecific trait variability was addressed by performing PCA of the traits for each species, wherein silicate uptake was added to S. marinoi trait matrix. Finally, we calculated Pearson correlation coefficients between pairs of traits for each species.

The plasticity of single traits, which were identified as the most important descriptors of PC 1 and PC 2 for each species based on their eigenvalues, was assessed by calculating the coefficient of variation (CV). CV for each trait was compared using Feltz and Miller (1996) asymptotic test to determine intraspecific trait variability and plasticity. The following comparisons were performed: 1.) CV of every strain across salinity levels, and 2.) CV of all strains at each salinity level. The first comparison describes the plasticity of each strain in response to salinity change, while the second represents salinity-specific trait variability.

All statistical analyses were performed using R version 4.1.0 (R Core Team, 2021). In addition, FactoMineR (Lê et al., 2008) package was used for PCA, cvequality package (Marwick and Krishnamoorthy, 2019) was used for Feltz and Miller’s asymptotic test, and ggplot2 package (Wickham, 2016) was used for figures.




Results


Between Species Comparison

Principal component analysis (PCA) was performed on traits (Table 1) measured for both A. ostenfeldii and S. marinoi. The first three components explained ~ 79% of the total variation in the trait matrix (Table 2). PC1 was highly correlated to all variables related to cell size (cell length and width, biovolume, surface area to volume ratio, cellular carbon, and nitrogen content; Figure 1). As expected (H1), the individual loadings along the PC 1 axis clustered by species (Figure 1A), wherein the strains of A. ostenfeldii were generally characterized by larger cell size (length, width, biovolume, and surface area) and higher cellular carbon content compared to the strains of S. marinoi characterized by high surface area to biovolume ratio (sav, Figure 1A). Together, cell size-related traits explained 52% of the total variation along the PC 1 (Table S1). The density plot of A. ostenfeldii showed wider variation along with the PC 1 than S. marinoi (Figure 1C).


Table 2 | Eigenvalue and percent variance explained by the first five principal components from the PCA of the phytoplankton traits for the two species.






Figure 1 | Results of PCA for two species. Ordination plots summarizing traits variation of A. ostenfeldii and S. marinoi strains (A, B). Density plots of individual loadings grouped by species (C–E). Traits abbreviations as in Table 1.



There was no clear clustering between species or salinity levels along the PC 2 axis. The N:P and C:P ratios, cellular chl a content (chl a), and growth rate (μ) together explained 68% of the total variation along the PC 2 (Table S1). The density plots of S. marinoi and A. ostenfeldii along the PC 2 axis had a distinct peak, which is characterized by a high P uptake rate (P_up) and high cellular P content (Pcell) (Figure 1D). In addition, S. marinoi had a minor peak characterized by faster growth rate, while the less distinct second peak in A. ostenfeldii distribution is characterized by high cellular chl a content (Figure 1B).

The distribution of traits along the PC 3 axis was generally similar for both species, with maximum fluorescence (Fmax) and µ contributing the most to the variability (32% and 25%, respectively). In addition, there was a small cluster of S. marinoi with high Fmax and µ (Figure 1E).



Covariation of Traits

Pairwise Pearson correlation coefficients were calculated to test how different traits were interrelated in both species (Figure 2). Traits related to cell morphology and size (length, width, biovolume, surface area, and surface area to volume ratio) were highly correlated with each other in both species, but the correlation between morphological traits with the other traits was species-specific. Interestingly, cellular carbon content (Ccell) was strongly positively correlated with cell size in A. ostenfeldii but not in S. marinoi. Traits related to cell size were strongly correlated to C:P and N:P elemental ratios in S. marinoi but not in A. ostenfeldii. C:N ratio was positively correlated with traits related to growth (Fmax, µ) in S. marinoi but negatively in A. ostenfeldii.




Figure 2 | Correlation matrix of the different traits measured from different (A) A. ostenfeldii and (B) S. marinoi strains grown under different salinity conditions.





Within-Species Comparison

The intraspecific traits variability was further explored by performing independent PCA for each species. Results of PCA on traits of A. ostenfeldii strains indicated that the first three components explained 78% of the total variation (Figures 3A, B). Morphological traits (length, width, biovolume, surface area, and surface area to biovolume ratio) explained 59%, and Ccell 11% of the variation in PC 1. The C:P and N:P ratios, and chl a had the highest contributions to PC 2, collectively explaining 44% of the variation. Nitrogen content (Ncell) and C:N ratio were the most important traits for PC 3, explaining 65% of the total variation (Table S2).




Figure 3 | Results of PCA for A. ostenfeldii strains grown under six salinity levels. (A, B) Ordination plots summarizing the variation of traits in all experimental units. (C–E) Individual loading grouped by strain along the first three principal component axes. (F–H) Individual loading grouped by salinity along the first three principal component axes. Traits abbreviations as in Table 1.



High intraspecific trait variability among A. ostenfeldii along PC 1 was observed at 15 psu (Figure 3F). There were two distinct clusters at this salinity level: one characterized by high Fmax and sav, and another characterized by big cells (biovolume, surface area) with high carbon content (Figure S1). Interestingly, strains grown at low salinity levels (0 and 5 psu) showed narrower trait distribution along the PC1 axis than 15 psu. Strains grown in 5 psu were characterized by high growth rate (µ), Fmax, N:P, and C:P ratios (Figure 3A). Strains grown in 0 psu treatment were characterized by large cells. Observations for 30 and 35 psu clustered together, suggesting low intraspecific trait variability at these salinity levels. Strains grown at the highest salinity levels (30 and 35 psu) were characterized by almost nominal growth (low µ) and low C:P and N:P ratios.

The silica uptake rate was included in the PCA of S. marinoi; however, it did not contribute substantially to the PC 1 variation. Instead, morphological traits (length, width, biovolume, surface area, and sav) and C:P ratio were the most important traits, contributing 59% to the total variation along the PC 1 axis (Figure 4). The elemental concentrations of carbon, nitrogen, and phosphorus in S. marinoi cells were the most important traits for PC 2, contributing 47% to the total variation. Finally, the silica uptake rate was the most important trait for PC 3, contributing 18% to the total variation (Table S3).




Figure 4 | Results of PCA for S. marinoi strains grown under six salinity levels. (A, B) Ordination plots summarizing the variation of traits in all experimental units. (C–E) Individual loading grouped by strain along the first three principal component axes. (F–H) Individual loading grouped by salinity along the first three principal component axes. Traits abbreviations as in Table 1.



The observations of S. marinoi grown in 15 psu are spread along PC 1 axis, indicating high intraspecific trait variability (e.g., high variability in biovolume and C:P ratio). Strains grown at low salinity levels (0 and 5 psu) were less variable. Strains grown in 5 psu were generally -growing and highly productive (high µ and Fmax), while strains in 0 psu showed no signs of growth or biomass production (low µ and Fmax). Finally, strains grown in 30 and 35 psu clustered together and had similar and narrow trait distribution.



Plasticity of Individual Traits

Based on the highest contribution of individual traits to PC 1 variability in both species (Tables S2 and S3), we selected cell length to compare the plasticity of a single trait for different strains of both species (H3). Cell length is one of the simplest morphological traits to measure, is directly related to the metabolism, and provides important information about the ecological niche distribution (Ryabov et al., 2021). It is also strongly correlated to cell biovolume and other morphological traits (Figure 2) and, therefore, a good proxy for cell size and elongation. The plasticity of the additional two traits (Ccell and C:P ratio), which also contributed significantly to PC 2 variation, is presented in the Supplementary Online Material (Figure S3).

There was a significant difference in cell length plasticity (measured as the coefficient of variation) between species, wherein the cell length of S. marinoi was more plastic in response to salinity change than the cell length of A. ostenfeldii (Figure 5 and Table S4). Among S. marinoi, the C1428 strain had the highest cell length plasticity (CV=36.1, Table S4), and among A. ostenfeldii, AOK1024 was the most plastic in cell length (CV = 16, Table S4). Overall, there was no clear pattern in cell length or size along the salinity gradient, and the response of both species to salinity change was strain specific.




Figure 5 | Cell length of (A) A. ostenfeldii and (B) S. marinoi strains along a salinity gradient (n = 150).






Discussion

From the ecological perspective, the predicted shift in salinity caused by climate-induced changes in precipitation (Durack and Wijffels, 2010; Durack et al., 2012) can negatively impact phytoplankton diversity due to the local extinction of sensitive species. Intraspecific traits variability (i.e., within-species trait variability) provides a buffer against biodiversity loss by modulating species responses to changing environments (Reusch et al., 2005; Albert et al., 2010; Sjöqvist and Kremp, 2016). Therefore, we tested intraspecific trait variability and plasticity of two common and well-studied phytoplankton species, a diatom (S. marinoi) and a dinoflagellate (A. ostenfeldii), which are expected to tolerate broad salinity ranges.

First, we asked if we could uncover different strategies of A. ostenfeldii and S. marinoi using the multivariate trait-based approach (H1). The results from PCA comparing both species identified the most important traits which differentiate the two (Figure 1). The analysis provided an expected outcome that the A. ostenfeldii cells were considerably larger and contained more carbon per cell, typical for dinoflagellates (Menden-Deuer and Lessard, 2000), whereas S. marinoi cells had a larger surface area to volume ratio, typical for diatoms. Further investigation of the correlation between different traits unraveled important trade-offs (Figure 2), suggesting different growth strategies of A. ostenfeldii and S. marinoi. Cell size (biovolume, cell length, width, and surface area) of A. ostenfeldii was positively correlated with cellular carbon, nitrogen, and phosphorus content (Ccell, Ncell, and Pcell), but negatively correlated with maximum chl a fluorescence (Fmax) (Figure 2A). This result means that although cells were investing in building up biomass and accumulating nutrients, they did not maximize photosynthesis to a similar extent. This suggests that A. ostenfeldii could cope with changing salinity by producing resting cysts, which contain more C, but less chlorophyll a (chl a) than vegetative cells (Binder and Anderson, 1990; Lirdwitayaprasit et al., 1990). In this study, we did not perform a quantitative analysis of cysts, but resting cysts were observed in all treatments, especially under 30 and 35 psu. Lower C:P ratios under higher salinity conditions (Figure S3) support this conjecture, as P is used up during the encystment process (Anderson and Lindquist, 1985) while C is locked within the cellular structure (Lirdwitayaprasit et al., 1990).

In contrast to the “stayin’ alive” strategy (slow growth, nutrient accumulation, resting cysts) of A. ostenfeldii, the strategy of S. marinoi was focused on maximizing population growth. Cell size and morphology of S. marinoi were not significantly correlated with Ccell, Ncell, and Pcell (Figure 2), but positively correlated with cellular chl a content (chlCell) and Fmax, suggesting that nutrients taken up by S. marinoi were immediately used to produce daughter cells rather than stored in the cell, like in the case of A. ostenfeldii.

Contrasting growth strategies of A. ostenfeldii and S. marinoi could eventually translate into different responses to salinity stress (H2). A. ostenfeldii spreads wider among the multivariate trait space than S. marinoi (Figure 1), suggesting greater trait plasticity and/or greater intraspecific variability. The former explanation is more likely because no clusters corresponding to different strains were detected in the multivariate trait space (Figure S2), despite the AOVA0930 strain being isolated from a different Baltic Sea sub-basin (Baltic Proper) than all other strains (Gulf of Bothnia). However, the greater trait plasticity of A. ostenfeldii was not related to a better tolerance to salinity stress. Both species grew the best in 5 – 15 psu (Figure S3), corresponding to their original local environmental conditions of the Baltic Sea. This result indicates the local adaptation of these strains to brackish conditions.

Regarding particular traits, the genus Skeletonema, considered morphologically plastic and diverse, has been shown to grow well under different salinities (including freshwater), and undergo cell enlargement under high salinity conditions (Balzano et al., 2011). Contrary to these expectations, we did not observe cell elongation at high salinity levels for marinoi strains had a higher C:P ratio at intermediate salinity levels, but with the maximumhe S. marinoi strains. Instead, the biggest and most elongated cells were observed at intermediate salinities, and the S. marinoi size decreased towards extremes for 4 out of 5 strains (Figures 5). This pattern was observed for S. marinoi but not for A. ostenfeldii (Figures 3, 4).

C:P ratio, which defined the traits distribution of A. ostenfeldii along the PC2 axis (Figure 3), was significantly higher at low salinity levels (0-5 psu), although still much lower than the balanced Redfield ratio of 106:1 (Redfield, 1958). Such enhanced C:P ratio can be linked to higher photosynthetic activity of A. ostenfeldii at low salinity levels, indicated by higher growth rate, cellular chl a, and C content (Figure S3). Higher cellular carbon quotas and C:P ratios might suggest higher toxin (e.g., paralytic shellfish toxins, spirolides) production by A. ostenfeldii under low salinity conditions (Martens et al., 2016) with a potentially negative impact on zooplankton caused by toxicity and P-limitation (Van de Waal et al., 2010; Ryderheim et al., 2021).

We finally asked if some strains of the same species are more plastic than the others (H3), i.e., if there are strains characterized by higher trait variability along the salinity gradient. Independent on species, all strains had high size variability at 15 psu (Figure 5), and low morphological plasticity at high salinity levels (30 and 35 psu). However, the latter should be interpreted with caution for A. ostenfeldii, as all strains had low growth rates and notable presence of cysts under the highest salinity conditions (Figure S3). We found that strains of A. ostenfeldii and S. marinoi significantly differ in cell length, carbon content, and C:P ratio plasticity in response to salinity change (Figures 3, 4 and S2). Cell length of A. ostenfeldii was highly variable (Figure 5). One strain (AOF0940) showed a similar response to salinity change as in the study of Martens et al. (2016), where the smallest biovolume of A. ostenfeldii isolated from the creek in the Netherlands, characterized by strong salinity fluctuations, was observed at intermediate salinity levels (15 – 20 psu). A. ostenfeldii strains used in this study, which were isolated from the Baltic Sea (6 – 7.5 psu) showed varying degrees of cell size plasticity (Figure 5), emphasizing the importance of intraspecific diversity for phytoplankton adaptation to salinity change.

The response of S. marinoi strains to salinity change was rather consistent in their morphology (Figure 5), but significantly varied in their elemental composition (Figure S3). Three strains had higher cellular carbon content at higher salinity levels, while two strains accumulated more carbon at 15 psu (Figure S3). All S. marinoi strains had a higher C:P ratio at intermediate salinity levels, but with the maximum value either at 5 psu or 15 psu, depending on the strain (Figure S3).

In conclusion, although both phytoplankton species, the diatom, and the dinoflagellate, significantly differed in trait composition (Figure 1), it did not translate into different performances along the salinity gradient. Both species grew the best under intermediate salinities, to which they were locally adapted. We should, however, emphasize that phytoplankton communities are highly diverse and contain thousands of clonal lineages, and our study represents only a small fraction of natural intraspecific variability. Despite this limitation, we were able to show that the response to salinity change is strain-specific, elucidating the importance of intraspecific trait plasticity to cope with environmental fluctuations.
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