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With increasing frequency and intensity of climate change events, it is crucial to understand how different components of temperature fluctuations affect the thermal tolerance and performance of marine primary producers. We used a controlled indoor-mesocosm set-up to test the effect of a temperature fluctuation frequency gradient on a natural phytoplankton community. Within a frequency gradient, we allowed the temperature to fluctuate from 18 ± 3°C at different rates (6, 12, 24, 36, and 48 h). The temperature fluctuation frequency gradient was contrasted to a constant temperature treatment with the same mean temperature (18°C). Phytoplankton biomass tended to increase with faster fluctuations but was lowest in the diurnal frequency treatment (24 h). In comparison with constant conditions, diurnal or slower fluctuation frequencies showed lower or comparable performance, whereas faster fluctuations showed higher performance. In addition, minor differences in community structure were observed, but species diversity remained comparable over time. Similarly, resource use efficiency and stoichiometry did not change according to fluctuation frequency treatments. We conclude that the effect of temperature fluctuations on phytoplankton biomass depends on the fluctuation frequency; this suggests that the fluctuation frequency determines how organisms average their environments. However, this trend is not driven by species identity but physiological responses. Our results also indicate that phytoplankton communities may be already well adapted to fluctuating environments and can adjust physiologically to temperature variability.
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INTRODUCTION

Across systems and taxa many organisms are exposed to varying temperatures on a regular basis. Temperature variations could include gradual changes in the mean temperature, as well as deterministic or stochastic fluctuations (Moisan et al., 2002; Fujiwara and Takada, 2017). Such fluctuations can trigger functional responses at the organismal level (resource acquisition and allocation) and numerical responses (reproduction) at the level of populations (Chevin et al., 2010; Schaum et al., 2018; Bernhardt et al., 2020; Cabrerizo and Marañón, 2021). Because of the non-linearity of biological responses along the temperature gradient, the consequences of temperature fluctuations for organisms’ performances differ from those observed under constant conditions (i.e., Jensen’s inequality) (Jensen, 1906). Additionally, the realized performance of organisms in varying environments depends on their plasticity to respond to such changes (Kremer et al., 2018; Fey et al., 2021).

Acclimation as a specific case of phenotypic plasticity might hereby allow organisms to expand their thermal ranges (Berg and Ellers, 2010; Chevin et al., 2010; Fey et al., 2021) and stabilize population responses in varying environments (Miner et al., 2005; Chevin et al., 2010). Acclimation processes include e.g., altered resource allocation and can be reflected in plankton stoichiometry (Schaum et al., 2018). A divergence in acclimation speed (i.e., gradual plasticity) and phenotypic fitness effects, however, may lead to individual’s phenotypes persistently chasing after their environment, severely affecting performance (Kremer et al., 2018; Fey et al., 2021). Thus, the rate of the change and the time of exposure to less optimal temperatures are crucial mediating organisms’ performance in changing environments. A growing body of studies have shown that the duration of exposure to above-optimal temperatures can influence organisms’ performance and that the thermal range for performance can decrease when exposed to high temperatures for longer time-periods (Rezende et al., 2014; Kingsolver et al., 2015; Kingsolver and Woods, 2016; Kremer et al., 2018). These “time-dependent-effects” can have different impacts on organisms, ranging from positive effects like physiological recovery after a cold period (Colinet et al., 2018), to negative effects reducing survival and growth in ectotherms because of heat stress (Kingsolver and Woods, 2016; Pansch and Hiebenthal, 2019; Wang et al., 2019).

Variability of temperature can be divided into different components, including the magnitude (variance), the frequency, and autocorrelation (predictability of change) (Moisan et al., 2002; Fujiwara and Takada, 2017). Frequency influences not only the time of exposure to different temperatures but also the autocorrelation structure, thus color of noise. Here, autocorrelation structure refers to the relationship between consecutive observations over time and directly influences the predictability of environmental fluctuations across temporal scales, ranging from diurnal to seasonal and annual variation (Halley, 1996; Ripa and Lundberg, 1996; Massie et al., 2015). Indeed, the ability of a population or community to adapt to fluctuating conditions depends on the predictability of change (Ruokolainen et al., 2009; Duncan et al., 2013; Blasius et al., 2020): slower temperature fluctuations are more autocorrelated as a result of a lower rate of change over time and provide more time for acclimation (Koussoroplis et al., 2017; Kremer et al., 2018). Whereas, faster and less autocorrelated (thus less predictable) fluctuations are likely to create mismatches between environmental conditions and acclimation (i.e., gradual plasticity) (Kremer et al., 2018; Fey et al., 2021). Thus, fluctuation frequency is expected to be an important component of variability and, to disentangle its effect from changes in variance, it is essential to test them separately in conceptual experiments, before investigating their combined effect.

While recently the question how fluctuating temperatures influence ectotherm performance in terms of survival, reproduction, and growth has gained increasing attention (e.g., Bernhardt et al., 2018; Schaum et al., 2018; Zhang et al., 2019), only very few studies investigated the effect of fluctuation frequencies (Kremer et al., 2018; Pansch and Hiebenthal, 2019; Wang et al., 2019; Burton et al., 2020), none of them using a gradient design. For example, Kremer et al. (2018) showed that acclimation history as well as fluctuation frequency significantly affected a phytoplankton population and that population densities deviated from the predictions of a rapid acclimation model. Furthermore, both the cold and warm acclimated populations showed the lowest population density in the faster (6 h) fluctuation treatments due to the temporal overlap of plasticity and variability speed. Contrastingly, other studies on ectotherms found a detrimental effect of slower fluctuations with high autocorrelation. In a mytilid study, faster fluctuation frequency (1.5 days) helped to maintain organism’s performance whereas slower fluctuation frequency (4.5 days) led to severe reduction in growth rates (Pansch and Hiebenthal, 2019). Similarly, a study on a coccolithophore population found that faster fluctuation frequency (24 h) mitigated the heat stress effects of temperature fluctuations and resulted in lower biomass reduction than slower fluctuation frequency (48 h) (Wang et al., 2019). These contrasting results may be explained by the fact that none of this previous work focused on the frequency of temperature fluctuation as single factor, but instead emphasizes the scale-dependency of temperature fluctuations. Fluctuations can occur over various temporal scales and it is the organism’s metabolism (i.e., according to their life span and behavior) which defines how it experiences variability (Jackson et al., 2021). Such perception of changes might influence information transmitted to the next generations; a phenomenon defined as “ecological memory” (Jackson et al., 2021).

Marine phytoplankton have particularly short generation times and thus a short lifespan, which covers a similar timescale as their acclimation rates (Savage et al., 2004; Fey et al., 2021). Delays in plasticity in response to (diurnal) variability might therefore act “trans-generational” (Kremer et al., 2018; Rescan et al., 2020). When studying diverse communities, multiple mechanisms take effect, potentially mediating mismatches in realized species performance due to delays in plasticity and community related processes (e.g., complementarity in niche occupancy, competitive exclusion). Phytoplankton shows considerable differences among many traits such as a large range in cell sizes e that directly influences species-specific growth rates (Kerimoglu et al., 2012; Acevedo-Trejos et al., 2013, 2015), a high diversity in morphology (e.g., cell walls, motility), biochemistry (storage products, nutrient uptake mechanisms), and the ability to use the light spectrum differentially (Huisman and Weissing, 1995; Dickman et al., 2006; Kerimoglu et al., 2012). This allows complementary trait distribution and consequently multiple species’ co-existence (Hutchinson, 1961; Ebenhöh, 1988). Therefore, diverse communities are expected to buffer the effects of environmental variability on e.g., biomass production (Elmqvist et al., 2003; Bestion et al., 2021). Additionally, environmental variability can affect diversity by promoting species coexistence due to asynchrony in species-specific responses (Yachi and Loreau, 1999; Chesson, 2000; Loreau and Hector, 2001), or it may lead to species sorting, e.g., the replacement of less tolerant species by smaller, faster-growing taxa with high thermal breadth (Stuart-Smith et al., 2015; Hodapp et al., 2016; Smith et al., 2016; Rasconi et al., 2017; Chen et al., 2019; Bestion et al., 2021).

However, experimental studies investigating the effect of temperature fluctuation on a community level have been limited to single fluctuation scenarios in comparison with a constant regime (Burgmer and Hillebrand, 2011; Rasconi et al., 2017; Gerhard et al., 2019) or different fluctuation magnitudes (Bestion et al., 2021), lacking the consideration of different temperature fluctuation frequencies (over a continuous state-space). While Gerhard et al. (2019) found that reductions in phytoplankton community growth rate were not driven by species identity but a general physiological response to diurnal fluctuations, a few studies reported a change in species dominance as driving mechanism for alterations in phytoplankton community biomass when exposed to fluctuating temperatures in the time period of weeks (Burgmer and Hillebrand, 2011; Rasconi et al., 2017; Cabrerizo et al., 2021).

This raises the question of how phytoplankton communities are affected by alternate temperature fluctuations and whether there is a threshold in fluctuation frequencies after which mismatches in current environmental changes and physiological adjustments due to acclimation occur. Although there are multiple dimensions to temperature variability, this study focuses solely on the effects of different fluctuation frequencies on marine phytoplankton communities. We conducted a controlled indoor mesocosm experiment on a natural plankton community, including phytoplankton and microzooplankton from the North Sea and introduced temperatures that mimic natural conditions during summer (van Aken, 2008; Klein et al., 2019). Temperature treatments were chosen along a frequency gradient, fluctuating every 6, 12, 24, 36 or 48 h with the same amplitude of ±3°C, or remaining constant at 18°C. We chose temperature fluctuation frequencies with ecological relevance, which were faster (6, 12 h), slower (36, 48 h) or matching diurnal fluctuation frequency (24 h). During the experiment, we examined total plankton biomass, phytoplankton biomass and phytoplankton community composition, as well as micro-zooplankton biomass to test the following hypotheses:

H1: Along the fluctuation frequency gradient, phytoplankton performance (estimated as biomass over time) is higher in treatments with slower fluctuation frequency (slower than diurnal) providing more time for phenotypic plasticity (Koussoroplis et al., 2017; Kremer et al., 2018). Thus, a decrease in performance in fast fluctuation frequency treatments (faster than diurnal) is expected because of potential mismatches in variability speed and time required for acclimation (i.e., gradual plasticity) (Kremer et al., 2018; Fey et al., 2021).

H2: A natural and thus highly diverse phytoplankton community might buffer the temperature fluctuation effects on performance through species sorting e.g., toward more tolerant species with wide thermal tolerance (Zhang et al., 2016; Bestion et al., 2021; Cabrerizo et al., 2021). This results in moderate changes in performance among fluctuation frequencies but alterations in the community structure and thus phytoplankton species diversity. Species diversity is expected to decrease with increasing fluctuation frequency resulting in high compositional turnover in faster fluctuation frequency treatments compared to constant conditions (Burgmer and Hillebrand, 2011) and slower fluctuation frequency treatments. These changes in diversity will affect ecosystem functioning and therefore will be reflected in the resource use efficiency of the limiting nutrient, as an index of ecosystem function (Nijs and Impens, 2000; Hodapp et al., 2019).



MATERIALS AND METHODS


Experimental Set-Up

The experiment was conducted in the indoor mesocosm facility of the Institute for Chemistry and Biology of the Marine Environment (ICBM), Wilhelmshaven. The so-called “Planktotrons” are 12 indoor-mesocosms of 600 L each, custom-tailored for plankton studies and made of stainless steel (Gall et al., 2017). To measure plankton community responses to temperature fluctuation frequency over a “continuous state space” (Koussoroplis et al., 2017), we chose an experimental gradient design (Figure 1). The fluctuation frequency gradient comprised one constant treatment at 18°C and five fluctuation treatments, which experienced the same mean temperature (of 18°C) as the constant but with 3°C fluctuation every 6, 12, 24, 36, and 48 h (Figure 1 and see Supplementary Figure 1 for the complete temperature time series). All treatments were replicated twice. Temperature fluctuated from 15 to 21°C in a sinus curve mimicking the North Sea’s natural temperature range during summer but introducing different frequencies (van Aken, 2008; Klein et al., 2019). While many studies used constant conditions as control to compare the experimental treatment to (e.g., Burgmer and Hillebrand, 2011; Zhang et al., 2016; Gerhard et al., 2019), here we included both, a constant treatment as well as a diurnal fluctuation frequency treatment, fluctuating from 15–21°C within 24 h and representing a more realistic control to the experiment (mimicking natural conditions during the experimental season).
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FIGURE 1. Measured temperature curves for the different treatments (constant control and fluctuation every 6, 12, 24, 36, and 48 h) within 50 h (data shown here for one replicate mesocosm each, from August 28 to August 30; see Supplementary Figure 1 for a complete temperature time series for each mesocosm). All treatments had the same mean temperature of 18°C and temperature fluctuations had the same amplitude of 3°C, thus were applied over the range of 15–21°C.


The experiment ran for 36 days and started with identical temperature conditions in all Planktotrons (at 18°C) on August 27, 2019. All Planktotrons were inoculated with the same initial plankton community, which was extracted 2 weeks before the experimental start in the German Bight, close to the University of Oldenburg Institute for Chemistry and Biology of the Marine Environment in Wilhelmshaven (53.514031, 8.156335). After extraction, the plankton community was kept in an outdoor basin under natural temperature and light regimes to allow sinking of suspended matter and thus preventing sediment load into the mesocosms. Before filling the mesocosms with 600 liters of the natural plankton community, meso-zooplankton was excluded by filtering through a mesh with 105 μm pore size to minimize grazing pressure on phytoplankton. Zooplankton abundances were counted regularly as a full removal of zooplankton due to its size overlap with larger phytoplankton taxa was not possible.

Light was supplied with an intensity of 119.8–131.3 μmol photons m–2 s–1 using LEDs with a near-natural light spectrum (IT2040 Evergrow with custom-specific LED composition, see Gall et al., 2017) in a 12:12 day:night cycle. Nutrients were supplied continuously to compensate sinking and grazing losses in phytoplankton to maintain constant nutrient availability over the experimental period and, by this reduce potential interactive effects between temperature and nutrients. We added 10% of the start nutrient concentration (NO3– 68.6 μg/L, PO3– 10.13 μg/L, Si2+ 324.25 μg/L measured on August 21, 2019 in the North Sea) daily at every hour using electric “1-channel dosing” pumps (Grotech) and starting at day three after the lag-phase of phytoplankton growth. Stratification of the water column was avoided by increasing the temperature 1–2°C at the bottom of the mesocosms compared to the surface, creating convection in the water column, and keeping homogenous distribution of species and temperature. Additionally, all Planktotrons were mixed using a full electric rotating paddle (Gall et al., 2017) once every hour for 3 min at intermediate intensity (changing the direction of the rotation). Temperature was continuously monitored by PT100 temperature sensors (Gall et al., 2017) in the Planktotrons (Supplementary Figure 1).



Sampling and Analysis

Samples to measure phytoplankton and zooplankton biomass and composition as well as dissolved and particulate nutrients were taken every 4th day (starting at day 0 and making a total of 10 samplings). In each sampling, a 6 L integrated water sample across the water column was taken using a tube. Samples were transferred to polyethylene bottles and processed immediately in the laboratory. Phytoplankton and zooplankton samples for microscopic counts were fixed with Lugol’s iodine (1% final concentration) and counted using an inverted microscope (Zeiss, Axiovert 10) at 400× magnification (Utermöhl, 1958). Samples for total particulate organic carbon, nitrogen, and phosphorus analysis were filtered onto pre-combusted and acid-washed glass fiber filters (GFC, Whatman) and stored at −80°C in the dark until analysis. Particulate organic phosphorous (POP) was measured using molybdate reaction after sulfuric acid digestion as described in Grasshoff et al. (1999), and particulate organic carbon (POC) and nitrogen (PON) analysis was conducted using a CHN analyzer (Thermo, Flash EA 1112). Particulate silicate (PSi) samples were filtered onto 0.45 μm membrane filters (NC45) and stored in the dark at −80°C before processing samples according to Grasshoff et al. (1999). Dissolved nutrients (PO43–, NO3–) were determined by a continuous-flow analyzer (Euro EA 3000, HEKAtech GmbH, Wegberg).

Particulate organic carbon measurements were used as an estimation of total plankton biomass (including phytoplankton and zooplankton). For estimating zooplankton and biomass, 6 L water were filtered through a 105 μm mesh and the sample split in equal shares for microscopic abundance determination and CN concentration determination. Phytoplankton biomass was determined by correcting total plankton biomass for zooplankton POC. Molar ratios were calculated using particulate concentrations of C, N, P, and Si. Thus, the stoichiometry of the plankton community was examined using total particulate nutrients, of which zooplankton amounts 6.5% and therefore reflects mainly phytoplankton stoichiometry. To determine if our system was nutrient limited, we calculated the N:P ratio of the dissolved and thus usable fraction of nutrients in the system (Supplementary Figure 3). Resource use efficiency (RUE) for the plankton community was calculated as total unit biomass formed (as standing POC) per unit total resource (sum of dissolved and particulate nutrients) for nitrogen and phosphorus (Nijs and Impens, 2000; Ptacnik et al., 2008). RUE of the limiting resource (nitrogen) was used as a proxy for ecosystem functioning (Nijs and Impens, 2000; Hodapp et al., 2019).



Data Analysis

All analyses were performed in R version 4.0.3 (R Core Team, 2020) using the packages tidyverse (Wickham et al., 2019), vegan (Oksanen et al., 2019), cowplot (Wilke, 2019), mgcv (Wood, 2011), lme4 (Bates et al., 2015) and lubridate (Grolemund and Wickham, 2011). We analyzed the effect of temperature fluctuation frequency on total plankton, phytoplankton, and zooplankton biomass, as well as phytoplankton diversity, and resource use efficiency of the limiting resource (RUE of nitrogen). To ensure equidistant intervals within the fluctuation frequency gradient, we calculated the fluctuation frequency within 48 h for each treatment. Mixed models were performed including time (experimental day) and fluctuation frequency (within 48 h) as continuous independent variables. The mesocosm ID was introduced as a random component in the models. This allowed us to take the non-independence of the data into account (repeated measures over time) and include potential idiosyncratic effects of experimental units (mesocosms). To account for the non-linear response of phytoplankton biomass, total plankton biomass and RUE of nitrogen over time (Figure 2), we used generalized additive mixed models (GAMM) within the mgcv package. A thin plate spline smoother (penalized likelihood approach) was included for time and fluctuation frequency was analyzed as linear predictor (n = 120). Only for time a smoother function was included because smoothing the fluctuation frequency resulted in a linear relationship. Introducing only one smoother, we chose a gam model without interaction. Zooplankton biomass did not correlate with phytoplankton biomass (spearman correlation, R = 0.09; p = 0.31; Supplementary Figure 2) and was therefore not included as predictor in the phytoplankton model.
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FIGURE 2. Total plankton biomass (carbon in μmol/L) (A), corrected phytoplankton biomass (carbon in μmol/L) (B), resource use efficiency of nitrogen (C), and ln-transformed zooplankton biomass (carbon in μmol/L) (D) during the experiment. The constant treatment is in black, fluctuation treatments are highlighted following a color gradient (dark blue fluctuation every 48 h—yellow fluctuation every 6 h). Each point represents one replicate (n = 2). Please note the different y-scales for panels (A–C). Curves/lines are loess-fits added to visualize the trend over time.


To test for fluctuation frequency effects on phytoplankton diversity and zooplankton biomass (as POC), we used linear mixed models (LMMs) within the lme4 package. Richness, inverse Simpson diversity, and compositional turnover were used as diversity indices for phytoplankton community. Compositional turnover was examined by calculating the Bray-Curtis distance of phytoplankton community composition (vegdist, vegan Package) for each treatment over time compared with the starting point. For phytoplankton diversity five samplings were included (n = 60) while for zooplankton biomass data of the 10 samplings were available (n = 120). Species diversity (richness and inverse Simpson) and zooplankton biomass were ln-transformed to get linear relations and meet requirements for LMM analysis (see Tables 1, 2). Differences in community composition (based on species relative abundance) among fluctuation frequency treatments and time were examined by performing an Analysis of Similarity (ANOSIM) using the Bray-Curtis index with 999 permutations. The SIMPER test was used as a post hoc test to identify the species explaining differences among treatments.


TABLE 1. Results of the statistical analysis for total Particulate Organic Carbon (POC), phytoplankton POC (total POC corrected for zooplankton carbon as a proxy for phytoplankton biomass), and resource use efficiency of nitrogen (RUE of N) using GAMMs, and zooplankton particulate organic carbon (POC, biomass proxy) using a linear mixed model.
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TABLE 2. Results of the linear mixed models (LMMs) for phytoplankton compositional structure (species richness, inverse Simpson diversity index, compositional turnover).
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RESULTS


Temperature Fluctuation Frequency Effects on Plankton Biomass, Stoichiometry and Resource Use Efficiency

Total plankton and phytoplankton biomass significantly changed over time and as an effect of the fluctuation frequency treatment (significant time effect, significant treatment effect; Table 1). Total plankton POC (as proxy for plankton biomass) followed a hump-shaped pattern over time, increasing during the first 10–20 days and decreasing afterward. Zooplankton biomass increased significantly over time but did not differ among treatments (Figure 2; significant time effect and no effect of frequency, Table 2). Phytoplankton biomass followed the same pattern as total plankton biomass since zooplankton represented only 6.5% of total plankton biomass (Figure 2), indicating that total plankton reflected the phytoplankton patterns. Fluctuation frequency increased (phyto-)plankton biomass, with faster fluctuations showing the highest concentrations (Figure 2 and Table 1). However, the biomass response was not strictly ordered by the fluctuation frequency and thus, the effect of fluctuation frequency on (phyto-)plankton biomass was only moderate. The fast fluctuation frequency treatments (6, 12 h) resulted in higher biomass than both, the constant treatment and the diurnal fluctuation treatment. In the slow fluctuation frequency treatments (36, 48 h) the biomass was either comparable to the constant treatment or slightly lower. The diurnal fluctuation frequency treatment (24 h) showed the lowest biomass (Figures 2A,B).

N:P ratios of dissolved nutrients ranged from 1 to 10 (Supplementary Figure 3) indicating that our experimental system was nitrogen limited (Koerselman and Meuleman, 1996). RUE of nitrogen changed significantly over time but did not differ significantly among treatments (significant time effect, Table 1). Besides the diurnal fluctuation treatment, RUE of nitrogen (Figure 2D) showed similar patterns as the carbon data for total (phyto-)plankton biomass. Molar N:P ratios of particulate nutrients nearly reflected the Redfield ratio (∼16:1) and were comparable in all treatments (Supplementary Figure 3). C:Si ratios decreased over time (Supplementary Figure 4). Molar C:N ratios followed the same pattern as RUE of nitrogen (Figure 2D and Supplementary Figure 5), while RUE of phosphorus reflected C:P ratios (Supplementary Figures 3, 5). RUE of nitrogen and C:N ratios in the diurnal fluctuation frequency treatment were higher than or comparable with the slower fluctuation treatments (36h and 48h), and constant conditions over time (Figure 3 and Supplementary Figure 5).
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FIGURE 3. Logarithmized species richness (A), inverse Simpson diversity index (B) and compositional turnover (Bray-Curtis distance of phytoplankton community) (C) over time. The constant treatment is in black, fluctuation treatments are highlighted following a color gradient (dark blue fluctuation every 48 h—yellow fluctuation every 6 h). Each point represents one replicate (n = 2). Lines represent linear loess-fits added to visualize the trend over time.




Temperature Fluctuation Frequency Effects on Phytoplankton Community Structure

The phytoplankton community structure was determined as species richness, inverse Simpson index, turnover over time, and species composition. Species richness decreased over time from 17 species on average to 13 species on average, but independently of the fluctuation frequency treatments (Figure 3A; time effect, Table 2). Inverse Simpson index did not change significantly between treatments (Figure 3B and Table 2) but remained similar over time, suggesting that community evenness was maintained throughout the experiment. Compositional turnover did not change as an effect of treatments or over time (Figure 3C and Table 2) indicating that there was no change in dominating taxonomic groups due to species sorting. In addition, the performed ANOSIM showed no significant treatment effect, but a significant effect of time (R = 0.35; p = 0.001) on phytoplankton species composition. However, the dissimilarity was low, indicating that the differences over time in relative species abundance were small. Variations in Cryptomonas species’ abundance explained > 72.6 % of the differences between the initial composition and the end composition in all treatments. Although, Cryptomonas species abundance increased in all treatments (Supplementary Figure 6A), diatoms were the dominant taxonomic group in the phytoplankton community composition at the beginning and at the end of the experiment in all treatments (Supplementary Figure 6B). Most dominant zooplankton groups were calanoid and cyclopoid copepods, and ciliates.




DISCUSSION

To predict how marine phytoplankton communities are affected by variability is one of the major challenges in marine ecology to-date (van de Waal and Litchman, 2020; Cabrerizo and Marañón, 2021). Here, we focused on the single effect of temperature fluctuations on phytoplankton performance and showed that it differed among fluctuation frequencies, even if the amplitude and mean temperature was maintained. Contrary to our expectations in H1 we found that performance increased with increasing fluctuation frequency: fast fluctuations (6, 12 h) showed greater performance, as measured by standing phytoplankton biomass, slow fluctuation frequencies (36, 48 h) had either comparable or slightly lower performance compared to the constant treatment. Whereas the diurnal fluctuation frequency (24 h) had the lowest performance compared to other treatments. Molar N:P ratios as a measure for phytoplankton stoichiometry were comparable in all treatments (rejecting H1). Contrary to our expectations in H2, we found that while species richness changed over time, it did not do so in response to the fluctuation treatments. Simpson diversity index and compositional turnover did not change according to treatments nor over time. Similarity in community structure (diversity and composition) was not supported by similar RUE across experimental treatments. Based on our results, we conclude that changes in standing biomass were driven by physiological responses, not compositional changes in phytoplankton communities.


Exploring H1: Fluctuation Frequency Effects on Phytoplankton Performance (Standing Biomass and Stoichiometry)

The results contradicted our expectations that biomass production is favored by slower temperature fluctuation frequencies and thus the autocorrelation of fluctuations. Instead, standing biomass and resource use efficiency of nitrogen (RUE) (Figure 2) was generally higher in faster fluctuation frequency treatments (6, 12 h) and lower in both, diurnal (24 h) and slower (36, 48 h) fluctuation frequency treatments. Our results indicate that effects of temperature fluctuation frequency are dependent on how organisms “average their environments” (Koussoroplis et al., 2017). Encountering suitable temperatures for growth more often might lead to an increase in realized phytoplankton biomass in faster fluctuation frequency treatments (6, 12 h), suggesting that the environment is perceived as if organisms were in more suitable conditions for a longer cumulative period of time (Koussoroplis et al., 2017). Consequently, organisms spend longer consecutive periods of time in less suitable temperatures when experiencing slower fluctuation frequencies (Feder and Hofmann, 1999; Colinet et al., 2018). These time-dependent effects are particularly relevant in studies on ectothermic populations because the environment has a direct influence on their metabolism (Kingsolver et al., 2015; Colinet et al., 2018; Pansch and Hiebenthal, 2019; Wang et al., 2019). Performance and survival might decrease with increasing duration of exposure to stressful temperatures (Niehaus et al., 2012; Rezende et al., 2014; Kingsolver et al., 2015; Koussoroplis et al., 2017), whereas a brief exposure to suboptimal temperatures may allow for higher subsequent thermal tolerance and survival e.g., due to the expression of heat shock proteins (Feder and Hofmann, 1999; Kingsolver and Woods, 2016). In our experiment, we did not cover stressful temperature ranges but used naturally occurring amplitudes for fluctuation frequency treatments (van Aken, 2008; Klein et al., 2019), suggesting that thermal stress played only a minor role. However, the duration of exposure can influence performance even for temperatures, which are far from extremes (Rezende et al., 2014). We suggest that in our experiment fluctuations with a diurnal frequency or slower (24, 36, 48 h), act to suppress growth due to longer periods in less favorable temperatures compared with faster fluctuation frequencies. Similar to our results, in a mytilid study, organisms could compensate for the exposure to low temperatures if fluctuation frequency was faster, while slower fluctuation frequency led to severe reduction in growth rates (Pansch and Hiebenthal, 2019). In a coccolithophore population slower fluctuation frequencies of 4.5 days significantly reduced performance compared with faster fluctuation frequencies of 1.5 days due to a downregulation of photosynthetic activities during cold phases (Wang et al., 2019).

Reducing the time for plasticity seemed to increase biomass production in our experiment. Plasticity is usually considered to appear during individuals lifespan, thus within one generation (Kremer et al., 2018). Phytoplankton communities, however, cover a large size gradient allowing for differences in growth rates, temperature, and nutrient prevalence (Kerimoglu et al., 2012; Acevedo-Trejos et al., 2013, 2015). One consequence of the broad range of physiological properties is the diversity of responses in physiological adjustments (i.e., phenotypic plasticity). Although we used a diverse natural phytoplankton community with a large size range here, we can assume that phytoplankton generation time is ∼1 day (Savage et al., 2004), meaning that in our experimental setup phytoplankton experienced fluctuations that acted within one generation (6, 12 h fluctuations) as well as across generations (36, 48 h fluctuations). How variability is experienced by the previous and current generation is an important aspect of phenotypic plasticity shaping the interaction between “within- and transgenerational plasticity” (Fox et al., 2019). Temperature fluctuations might therefore mediate ecological memory of phytoplankton communities (Rescan et al., 2020; Jackson et al., 2021). Considering that phytoplankton’s lifespan is on a similar timescale as their acclimation rates (Savage et al., 2004; Fey et al., 2021), slower fluctuations may allow for epigenetic plasticity (parental transmission) which affects the performance of the next generation that possess parental environmental information but perform in a novel environment (Guillaume et al., 2016; Kremer et al., 2018; Schaum et al., 2018). This effect may generate a mismatch of acclimated phenotypes and the new current environment, exacerbating the effect of temperature variability (Guillaume et al., 2016) and resulting in lower realized (community) performance (Hanson and Skinner, 2016; Kremer et al., 2018; Fey et al., 2021). Acclimation processes can alter fitness over several generations in the new conditions due to a cost-intensive chase to adjust to the environment suppressing biomass production (Anning et al., 2001; Kremer et al., 2018). For example, Bestion et al. (2021) described substantial effects on phytoplankton performance under large fluctuations when including higher fluctuation amplitudes.

Alterations in (phyto-)plankton community biomass can often be related to changes in resource allocation of the system due to plasticity in responses to changing temperatures (i.e., physiological traits) (Miner et al., 2005; Toseland et al., 2013; De Senerpont Domis et al., 2014). This can be reflected in the community stoichiometry (i.e., molar ratios). Here, N:P ratios nearly reflected the Redfield ratio (∼16) and were comparable among treatments (Supplementary Figure 5), suggesting no changes in resource allocation. In addition, carbon:nutrient ratios followed the biomass trends, while dissolved nutrients were low in all treatments (Supplementary Figure 5) indicating high nutrient conversion into biomass. We conclude that potential differences in resource allocation were limited due to low nutrient availability (Supplementary Figure 5), which reflected natural nutrient concentrations in the North Sea.

Moreover, it is important to note that neither biomass nor resource use efficiency of nitrogen were strictly ordered by the fluctuation frequency gradient. Interestingly, the lowest biomass was detected for the 24 h frequency treatment which correspond to the diurnal fluctuations experienced by the community before the experiment. However, this trend was not reflected in the resource use efficiency of the diurnal fluctuation frequency treatment (Figure 2). Our results suggest that there might be other processes involved in how communities adjust to variability in natural systems (i.e., physiological plasticity). When comparing thermal fluctuations with constant conditions in our experiment (Figure 2), the differences in biomass support the idea that deviations of expected patterns (i.e., Jensens inequality) (Jensen, 1906) might be detected when considering different frequencies of change (Koussoroplis et al., 2017). Lacking gradient designs and often choosing scenario-based set-ups in ecology, predictions on how scales of environmental change and organisms’ generation time may interact are limited. Organisms perceive environmental change at distinct scales according to their generation times, triggering various responses (Jackson et al., 2021). Although we were not able to elaborate on the evolutionary processes in plankton communities here, our results emphasize the importance of testing the different dimensions of variability in single experiments to unravel underlying mechanisms.



Exploring H2: Fluctuation Frequency Effects on Phytoplankton Community Structure and Resource Use Efficiency

Phytoplankton community structure was not significantly affected by temperature fluctuation frequency (Figure 3): species richness decreased in all treatments over the experimental period, likely due to the closed mesocosm set-up preventing species gain by immigration (Hillebrand et al., 2010). Compositional turnover over time was comparable among treatments (Figure 3) suggesting no major shifts in phytoplankton community composition driven by the fluctuation frequency gradient (Supplementary Figure 6). This was supported by a lack of differences in the species composition among treatments, but diatoms remained the dominant taxonomic group throughout the experiment (Supplementary Figure 6). Also, we did not observe a shift in species dominance toward one species with high thermal tolerance, as was reported in other studies (e.g., Zhang et al., 2016; Rasconi et al., 2017; Bestion et al., 2021; Cabrerizo and Marañón, 2021), but diversity (estimated by the inverse Simpson index) was maintained over the experimental period (Figure 3). In fact, environmental variability might facilitate species coexistence (Flöder and Sommer, 1999; Loreau and Hector, 2001; Descamps-Julien and Gonzalez, 2005) maintaining high species diversity with the capacity to compensate environmental fluctuations (Elmqvist et al., 2003; Bestion et al., 2021). Additionally, phytoplankton have a large range of complementary traits, therefore species with e.g., a smaller thermal breath are not necessarily outcompeted by their superior competitors if they are able to e.g., use nutrients more efficiently (i.e., niche partitioning) (Hutchinson, 1961; Ebenhöh, 1988). The similarity in community structure (diversity and composition) was also reflected in the resource use efficiency of nitrogen (Figures 2, 3): RUE changed over time but treatment effects were only marginal (Table 1). Instead, the resource use efficiency of nitrogen as limiting resource (RUE), a proxy for ecosystem functioning (Nijs and Impens, 2000; Hodapp et al., 2019), was genuinely high (Figure 2D). Also, RUE of nitrogen and phosphorus followed the same pattern as molar C:N and C:P ratios (Figure 2D and Supplementary Figures 3, 5), respectively, due to a continuous but low nutrient supply in our experiment, which accelerated the incorporation of available nutrients into biomass (Supplementary Figure 5). Consequently, effects on compositional structure and general ecosystem functioning were marginal. We conclude that alterations in RUE and differences in standing biomass among the fluctuation frequency treatments did not arise from shifts in compositional structure in our experiment, but that physiological mechanism may have driven the community’s responses (Berg and Ellers, 2010; De Senerpont Domis et al., 2014; Gerhard et al., 2019; Barton et al., 2020; Cabrerizo et al., 2021).

In summary, we found differences in biomass along a fluctuation frequency gradient and over time, however, these were not reflected in phytoplankton community structure or resource use efficiency and stoichiometry. Instead, our results suggest that natural marine phytoplankton communities and thus phenotypes of phytoplankton individuals are well adapted to frequencies with naturally relevant amplitudes and might acclimate relatively fast. Trends in biomass might arise from how species average their environment and due to transgenerational effects. However, in our experiment the thermal range of fluctuations might be too small to see substantial effects on performance as were found when including higher fluctuation amplitudes (Kremer et al., 2018; Bestion et al., 2021). In theory, variability effects are expected to be small if species can acclimate fast or fitness benefits of acclimated phenotypes are minor (Fey et al., 2021). However, we did not choose a scenario-based approach for our experiment but aimed to elaborate on the importance of fluctuation frequency impacts. Although, climate change is not expected to alter deterministic variability such as seasonal, diurnal or annual fluctuation, stochastic fluctuations may increase not only in intensity, but also amplitude and frequency, affecting directly the autocorrelation of change and therefore triggering different responses in marine phytoplankton (Ruokolainen et al., 2009; Duncan et al., 2013; Blasius et al., 2020). With proceeding climate change, nutrient limitation will constrain phytoplankton production and ultimately alter the ability to acclimate to variability in phytoplankton (e.g., physiological adjustments due to plasticity) (van de Waal and Litchman, 2020). Also, other abiotic stressors such as pCO2 and physical processes such as current, mixing and a higher species turnover may amplify the effect of variability.




CONCLUSION

Our study shows that the frequency of temperature fluctuations can significantly alter phytoplankton biomass production. Although, we detected differences in standing biomass among faster fluctuation frequency and slower fluctuation frequency treatments, we did not observe a clear threshold in our frequency gradient after which mismatches in fluctuation frequency and plasticity occur. Furthermore, only minor changes in composition and diversity could be observed, which were reflected in resource use efficiency of nitrogen, indicating that ecosystem functioning could be maintained. We conclude that not compositional shifts, but physiological mechanisms may drive community’s responses. Our results suggest that natural marine phytoplankton communities may be more resilient to moderate temperature fluctuations than expected and can quickly adjust to fluctuating environments (Berg and Ellers, 2010; Gerhard et al., 2019). With on-going climate change, however, the unpredictability of temperature change will increase in terms of frequency, intensity, and amplitude, likely constituting a new challenge with the need for high thermal breath and fast plasticity in marine phytoplankton.
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