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To assess the response of a natural plankton community to the future scenario of a warming of +3°C predicted for coastal Mediterranean regions, an in situ mesocosm experiment was carried out over 19 days in a Mediterranean coastal lagoon in 2018. During this experiment, a phytoplankton bloom occurred and the abundances of several cytometric groups of phytoplankton (cyanobacteria, picophytoplankton and nanophytoplankton) and bacteria (low- and high-nucleic acid bacteria), as well as their growth and grazing mortality rates and their carbon biomass, were studied over the course of the experiment. Experimental warming led to a significant reduction of 47% of the phytoplankton biomass in average, based on Chl-a concentrations. This reduction was also observed for nanophytoplankton abundances during the whole experiment and for eukaryotic picophytoplankton only during the bloom period. This result coincided with a significant decrease in orthophosphate concentrations under warming during the prebloom and bloom periods simultaneous to an increase in bacterial abundances. At the same time, the higher growth rates of bacteria and the lower ones of phytoplankton observed at the beginning of the bloom could suggest that competition between phytoplankton and bacteria for orthophosphate might have contributed to the phytoplankton biomass decrease under warming. In addition, higher grazing mortality rates of phytoplankton groups under warming, notably nanophytoplankton at the end of the bloom and in postbloom (by 59 to 626%), as well as eukaryotic picophytoplankton over the course of the experiment (by 58 to 255%) could also have contributed to the lower phytoplankton biomass under warming. Based on these results, estimations of average phytoplankton carbon biomass production and transfer showed reductions of 42 and 45%, respectively, under warming, whereas those of bacteria were enhanced by 13 and 8%, respectively. These results indicated that warming induced a shift at the base of the microbial food web, going toward a more bacteria-based system. This suggested that under future warming scenarios, the microbial food web could become less productive and could negatively affect the functioning of the whole food web in coastal waters.
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Introduction

Phytoplankton and bacterioplankton (including archaea and heterotrophic bacteria) constitute ecologically important components forming the base of marine food webs and influencing fundamental biogeochemical cycles in marine ecosystems (Azam, 1998). Phytoplankton, as the major primary producers in the oceans (Field, 1998), and bacterioplankton, as a key contributor to the secondary production (Hoppe et al., 2008), mediate carbon fluxes in the microbial food web. Phytoplankton and bacterioplankton populations are modulated by their growth and loss rates, which are dependent on multiple biological interactions (Kordas et al., 2011). While growth rates directly reflect individual metabolic rates, they are heavily linked to resource availability, which itself is dependent on environmental inputs and mutualist or competition interactions between phytoplankton groups and with bacteria (Pomeroy and Wiebe, 1988; Aota and Nakajima, 2001; Løvdal et al., 2007). Simultaneously, microbial losses are also driven by multiple factors, mainly grazing mortality rates (Calbet and Landry, 2004) but also viral lysis (Baudoux et al., 2008) or sedimentation. Temperature is also a key parameter affecting phytoplankton and bacteria populations. Indeed, several studies have already shown that increasing the temperature by a few degrees generally enhanced the growth rates of phytoplankton and bacteria (Eppley, 1972; White et al., 1991; Savage et al., 2004). However, differential temperature dependence of phytoplankton and bacterial metabolisms (Lopez-Urrutia et al., 2006; Arandia-Gorostidi et al., 2017) can leads to different individual responses of these groups under warming and potentially affects their mutualist or competitive interactions in natural plankton assemblages. Similarly, previous studies also reported that grazing mortality rates of phytoplankton and bacteria generally increased under warming (Vázquez-Domínguez et al., 2012; Lewandowska et al., 2014). Because, heterotrophs temperature dependence is higher than for phytoplankton (Brown et al., 2004), warming could therefore affect the balance between heterotrophs grazing activity and phytoplankton growth, potentially leading to a depression in phytoplankton biomass (Lopez-Urrutia, 2008; Sommer and Lengfellner, 2008; Lewandowska et al., 2014). Furthermore, in the context of global warming, some regions, such as the Mediterranean Sea, are considered to be particularly sensitive to the predicted warming of the water temperature (Harley et al., 2006). This is the case for coastal Mediterranean lagoons, from which plankton are expected to undergo great changes in temperature in their environment in the future due to global warming (Harley et al., 2006; Vidussi et al., 2011).

Few studies have investigated the effects of experimental warming on coastal Mediterranean lagoon plankton communities. Pulina et al. (2020) and Courboulès et al. (2021) investigated two different lagoons in winter and autumn, respectively, but reported a similar positive effect of warming on small phytoplankton and bacteria abundances. In contrast, Vidussi et al. (2011) investigated the same lagoon as in Courboulès et al. (2021), but during the productive phytoplankton spring bloom, and reported very contrasting results, with no change in Chl-a concentration under warming and lower bacteria abundances. Despite the importance of the spring period, characterized by high production and transfer of carbon biomass through the microbial food web, there is still a large gap in the literature concerning the effects of warming on spring plankton assemblages in their natural environment (Vidussi et al., 2011; Pulina et al., 2016) and holistic descriptions encompassing different functional phytoplankton and bacteria group responses.

Therefore, an in situ mesocosm study was conducted in spring 2018 to determine the effects of warming on the microbial food web in the coastal Mediterranean Thau Lagoon. The experimental warming was realized by elevating the water temperature of half of the mesocosms by 3°C, mimicking the predicted temperature increase in the Mediterranean Sea under expected global warming (IPCC, 2014; Pörtner et al., 2019). In addition, special care was taken to closely reflect natural conditions, such as in situ nychthemeral temperature variations (Nouguier et al., 2007). During the experiment, the responses of picophytoplankton, nanophytoplankton and bacterioplankton (high and low nucleic acids; HNA and LNA) were specifically investigated. To achieve this, their daily abundances and growth and grazing mortality rates estimated by the dilution technique (Landry and Hassett, 1982; Chen, 2015a) six times during the experiment were compared between the control and warmed treatments to assess changes in the microbial community under warming. Additionally, daily biomass as well as biomass production and transfer were also estimated to quantify biomass fluxes driven by phytoplankton and bacteria through the microbial food web, allowing us to suggest potential consequences of warming on carbon fluxes.



Materials and Methods


In Situ Mesocosm Set Up

A mesocosm experiment was conducted from April 5th to 23rd, 2018, encompassing a natural phytoplankton spring bloom, to evaluate the effects of elevated temperature, as predicted for the Mediterranean region in 2100 (IPCC, 2014; Pörtner et al., 2019), on the plankton community. For this purpose, the mesocosms were immersed in situ in the Mediterranean Thau Lagoon near the floating pontoon of the MEDiterranean Platform for Marine Ecosystems Experimental Research (MEDIMEER, 43°24’00” N, 3°36’00” E) and the Coastal Mediterranean Thau Lagoon Observatory. Thau Lagoon, located in the northwestern Mediterranean Sea, is a shallow coastal lagoon (average depth: 4 m) and experiences naturally large temperature variations (Trombetta et al., 2019).

Mesocosms were filled on April 5th with subsurface lagoon water (1.5 m depth) that was gently pumped (SXM2/A SG, Flygt), then screened through a 1000-µm mesh and finally pooled before being distributed to simultaneously fill all of the mesocosms up to 2,200 L each. The mesocosms were transparent bags (1.2 m wide and 3 m long) made with 200-µm-thick vinylacetate mixed-polyethylene film reinforced by nylon mesh (Insinööritoimisto Haikonen Ky), set up on individual floating structures as described in Vidussi et al. (2011). All mesocosms were equipped with a dome cover made of transparent (crystal clear polyvinyl chloride, PVC) film to prevent any external inputs (dust, marine spray). Once filled, the water column of the mesocosms was 2 m deep and was gently mixed by a pump (Model 24, 12 V, Rule) installed in each mesocosm with a turnover time of 3.5 d-1 to avoid plankton sedimentation. Two treatments, each in triplicate, were applied: 1) the control (C) with the natural water temperature of the lagoon and 2) the warmed (T) treatment for which the water temperature was gradually elevated to +3°C compared to the control. Among the triplicate mesocosms, one mesocosm of each treatment had technical problems; thus, the results from daily mesocosm sampling correspond to the mean of duplicate mesocosms. The increase in water temperature was realized using a heating element (Galvatec), allowing the water temperature of the warmed treatment to be constantly adjusted and maintained at 3°C warmer than the control treatment using an automatic control system as detailed in Nouguier et al. (2007). The unique features of this experimental warming protocol allowed us to mimic natural variations (diurnal/nycthemeral and day-by-day) by maintaining a + 3°C temperature difference between the two treatments. To avoid a thermal shock for the natural community in the warmed treatment, the temperature was increased in two days, at a rate of 1.5°C per day, in concordance with natural daily temperature variations in the lagoon. Then, the temperature in the warmed treatment was maintained at + 3°C compared to the temperature in the control treatment from day 3 until the end of the experiment (day 18).



Chemical and Biological Variables Sampling and Analysis

Every mesocosm was sampled daily in the morning for chemical and biological variables. For nutrient analysis, a 5-liter Niskin bottle was deployed in each mesocosm, from which samples (13 mL) were taken and filtered through 0.45 µm prewashed filters (Agilent Technologies, 25 mm in diameter) before being stored at -20°C. The concentrations of nitrates (NO2-+NO3-), orthophosphates (PO43-) and silicates (SiO2) were then determined using a continuous flow analyzer (San++, Skalar).

For biological variables, water was sampled from every mesocosm into 10 L polycarbonate carboys using a low vacuum pump (Knf). For Chl-a measurements, subsamples (0.5 to 1 L) were filtered over glass-fiber filters (Whatman GF/F 25 mm in diameter, 0.7-µm nominal pore size), and filters were immediately frozen in liquid nitrogen before being stored at -80°C until Chl-a analysis. High-performance liquid chromatography (HPLC, Waters) analysis was performed to measure Chl-a concentrations, following the method in Zapata et al. (2000), with adjustment of the protocol described in Vidussi et al. (2011).

To follow phytoplankton, bacterioplankton and virus abundances over the course of the experiment, samples (1.5 mL) were taken for flow cytometry (FCM) analysis. Phytoplankton and bacteria samples were fixed with 60 µl of glutaraldehyde (grade 1, 3.8% final dilution), and virus samples were fixed with 30 µL of glutaraldehyde (grade 1, filtered over 0.02 µm, 1.9% final dilution) and kept at -80°C. Picophytoplankton (both eukaryotes and prokaryotes) and nanophytoplankton were analyzed using a CytoFLEX flow cytometer (Beckman Coulter) for 3 min at high speed. Phytoplanktonic picoprokaryotes were identified and enumerated based on their relative forward scatter (FSC) and orange fluorescence (542-585 nm). Phytoplanktonic picoeukaryotes and nanophytoplankton were counted based on their FSC and red fluorescence (650 nm). Bacterial samples were stained using SYBR Green I (2.6% final dilution) and analyzed with a FACSCalibur flow cytometer (Becton Dickinson) for 3 min at low speed following the procedure described in Marie et al. (1997). The counting and differentiation of bacterial groups were performed regarding their relative side scatter (SSC) and their green fluorescence (530/30 nm). Virus samples were stained with SYBR Green I (0.5 x 10-4 final dilution) and analyzed using a FACSCanto flow cytometer (Becton-Dickinson). Virus-like particles (hereafter referred to as viruses) were then enumerated regarding SSC and green fluorescence (530/30 nm) as described by Brussaard (2004). Cytometry beads of 1, 2, 6, 10 and 20 µm in diameter were added to the phytoplankton samples. Similarly, beads of 1 and 2 µm in diameter were used for bacterial samples, and beads of 0.5 µm were used for virus samples to determine the cell size and fluorescence level of the analyzed cells. TruCount™ (BD Biosciences) was also added to the samples before the analysis to better assess the volume of the analyzed sample.

    
FCM analysis revealed four groups of phytoplankton: one group of phytoplanktonic picoprokaryotes, namely, cyanobacteria (Cyano), which had a low cell concentration; one group of phytoplanktonic picoeukaryotes between 1-2 µm (Pico); a larger group of nanophytoplankton between 2 and 6 µm (Small Nano); and a final group between 6 and 10 µm (Large Nano). Two groups of bacteria were identified considering their fluorescence emissions, as low and high nucleic acid bacteria (LNA and HNA, respectively). Two groups of viruses of different relative sizes were also identified and are hereafter referred to as V1 and V2. A representation of the cytograms of the phytoplankton, bacteria and virus groups is available in the Supplementary Data (Supp. Figure 1). FCM analysis of the microbial and virus communities allowed us to estimate daily abundances for each of the identified groups expressed as cells mL-1.



Phyto- and Bacterioplankton Growth and Grazing Mortality Rate Estimation

Through the 19 days of the mesocosm experiment, six dilution experiments were performed on days 1, 5, 7, 9, 11 and 14 to estimate the growth and microzooplankton grazing mortality rates of phytoplankton and bacterioplankton. These series of dilution experiments were performed following a 2-point modified version of the original dilution method developed by Landry and Hassett (1982) using two levels of dilution prepared with 100% and 10% of 200 µm-filtered mesocosm water (Worden and Binder, 2003; Strom and Fredrickson, 2008; Menden-Deuer and Fredrickson, 2010; Chen, 2015a). For each dilution experiment, 20 L of one mesocosm for each treatment was sampled in the morning using gentle vacuum pumping (less than 200 mm Hg) and screened through a 200-µm mesh. One part of the 200 µm-screened water was gravity-filtered through 0.8 and then 0.2 µm filters (Whatman Polycap TC Filter Capsule 0.8/0.2 µm) to constitute a 0.2 µm-filtered sea water, while the other part (200 µm-screened sea water) was kept to constitute the different levels of the dilution. Triplicates of Whirlpack bags were then filled with 2 L of 200 µm-screened seawater to constitute the 100% level of dilution. To constitute the 10% level of dilution, another triplicate of incubation bags was filled with 1.8 L of 0.2 µm-filtered seawater and 0.2 L of 200 µm screened seawater. In an additional set of triplicates of 100% (hereafter referred to as 100% + NUT), nutrients were added at the Redfield ratio to evaluate and discuss the eventual nutrient limitations (final concentrations of 4, 0.25 and 4 µM for N, P and Si, respectively). Dilution bags were finally incubated for 24 h in two separate “incubation mesocosms” to minimize manipulation of the monitored mesocosms. These two “incubation mesocosms”, having the same characteristics as the monitored mesocosms, were also immersed in situ in the lagoon near the other mesocosms to have the same light and temperature conditions. One of the “incubation mesocosms” had the same temperature conditions as the control and surrounding lagoon water, while for the other “incubation mesocosm”, the water temperature was increased by 3°C, similar to the warmed treatment.

For Chl-a analysis, samples (from 0.5 to 1 L) were taken from 200 µm-screened water before incubation. After the 24 h incubation, 0.5 to 1 L of the 100% incubation bags and 1.5 to 1.8 L of the 10% incubation bags were filtered for Chl-a analysis using HPLC. These samples were prepared and analyzed as for the daily Chl-a measurements described previously. Additionally, phytoplankton and bacterioplankton samples (1.5 mL) were taken and fixed for flow cytometry (FCM) analysis, as previously described, before incubation (T0) from all bags at 100% without nutrients and after incubation (T24) for all bags (10%, 100% and 100% + NUT).

Instantaneous growth rates of phytoplankton based on Chl-a concentrations and those of small phytoplankton and bacterial groups based on the cytometric analysis were estimated from the dilution experiments, following Landry and Hassett (1982),

	 Equation 1

where k is the instantaneous growth rate (d-1), considering that NT0 and NT24 are the initial (T0) and final (T24) cell abundances or the Chl a concentration before and after incubation time t (d), respectively. The initial abundance of plankton as well as the initial Chl a concentration in the 10% bags were estimated based on the FCM cell counts or the Chl a concentration measured in the 100% bags. Then, the growth rate was considered equal to the instantaneous growth rate at the highly diluted level of 10%, while the grazing mortality rate was obtained from the difference between k at 10 and 100% (Worden and Binder, 2003; Strom and Fredrickson, 2008; Chen, 2015a). Mean growth and grazing mortality rates were then computed from triplicates of each dilution experiment.

In some cases, however, the cell abundance estimated from cytometry enumeration was considered too low (< 100 cells mL-1) (Vaquer et al., 1996) to accurately estimate rates; thus, the growth and grazing of some cytometry groups were not determined. This essentially concerned the Cyano group, for which rates were thus not estimated at several times during the experiment. In addition, estimation of growth and grazing mortality rates resulted, in a few cases (less than 5%), in negative growth rates and positive grazing mortality rates (inverted slope). Since growth by definition cannot be negative and grazing is considered a term of mortality, negative growth rates were set to 0.01 d-1 and positive grazing mortality rates were set to 0.00 d-1, following Calbet and Landry (2004) method of correction.

One particularity of the growth rate determination in this study is that rather than estimating the maximal growth rate of plankton as in the original Landry and Hassett method (1982), we sought to estimate a growth rate closer to the natural growth rate that occurs in the mesocosms without predation pressure. Thus, contrary to the classical dilution method for which inorganic nutrients are systematically added to avoid nutrient limitation (Landry and Hassett, 1982), we realized another set of undiluted incubation bags (100% + NUT) to highlight the eventual effects of nutrient addition and identify potential nutrient limitation (when the instantaneous growth rate increases after nutrient addition) instead of routinely correcting the growth rates regarding the nutrient addition effect (Landry et al., 2000). In this way, the growth rates estimated presently were representative of the natural growth rate limitations that occurred in a natural plankton assemblage as nutrient limitation or competition among plankton. Consequently, the phytoplankton and bacterial responses to warming resulted from both direct effects of warming on plankton metabolism and indirect effects through nutrient limitation.



Phyto- and Bacterioplankton Carbon Biomass Production and Transfer

Daily phytoplankton and bacterial carbon biomass (C-biomass) were estimated from daily Chl-a concentrations measured by HPLC and bacterial counts using cytometry. The Chl-a concentrations were converted to carbon (C)-biomass using a conversion factor of 57 mg C mg Chl-a-1 (Latasa et al., 2005). A conversion factor of 20 fg C bacterium-1 was used to convert bacterial abundances to C-biomass (Sime-Ngando et al., 1995). These conversion factors were previously used to estimate phytoplankton and bacterial C-biomasses in the same area (Mostajir et al., 2015) and were adapted for the plankton community in Thau Lagoon. Cyanobacterial abundances were converted to C- biomass using a conversion factor of 210 fg C cyanobacterium-1 (Kemp et al., 1993). Biovolumes of the phytoplanktonic cytometric groups were determined based on the mean diameters estimated from the cytometric group position related to cytometric beads of known diameters (Trombetta et al., 2019). The approximate diameters of Pico, Small Nano, and Large Nano were estimated to be 1.5, 4 and 8 µm, respectively. Then, the biovolumes were converted to C-biomass using a conversion factor of 0.22 pg C µm-3 (Kemp et al., 1993).

Additionally, phytoplankton and bacterial C-biomass production and transfer to higher trophic levels by microzooplankton were estimated based on the growth and grazing mortality rates following Equations 2, 3 and 4:



where P and T are the respective C-biomass production and transfer (µg C L-1 d-1) and µ and g are the respective growth and grazing mortality rates. Cm is the geometric mean of C-biomass during incubation time Δt, and NT0 is the biomass at the beginning of the incubation.



Statistical Analysis

Daily Chl-a and nutrient concentrations and daily microbial and virus abundances in the mesocosms were compared between the control and warmed treatments over the course of the experiment using repeated measures analysis of variance (RM-ANOVA, p value< 0.05). In the warmed mesocosms, the water temperature was progressively increased over two days (1.5°C day-1); therefore, data from day 0 to 1 were not included in the RM-ANOVA, as warming had not reached 3°C during these specific days.

Growth and grazing mortality rates as well as C-biomass production and transfer estimated from the dilution experiments were compared between the control and the warmed treatment using RM-ANOVA by excluding data prior to day 2. When assumptions of normality could not be met despite mathematical transformation (logarithmic or square root transformation), a Kruskal–Wallis test was used instead. Additionally, since plankton communities evolve rapidly, day-by-day comparisons between treatments were performed for each variable to identify planktonic responses on a short time scale. For this purpose, a nonparametric Kruskal–Wallis test (p value< 0.05) was performed because the small sample size did not allow accurate testing of the normality required for parametric tests. To assess the effect of the nutrient additions during the dilution experiment, instantaneous growth rates estimated from 100% incubation bags with and without inorganic nutrient addition were compared day by day using Kruskal–Wallis tests (p value< 0.05). All statistical analyses were performed with R software (R-project), version 3.6.1.




Results


Effect of Warming on Chl-a and Nutrient Concentrations in the Mesocosms

In the control mesocosms, the average temperature roughly increased during the experiment from 13.20°C on day 2 to 18.40°C on day 18 (Figure 1A). In the warmed treatment, the temperature was successfully raised by 2.66°C (± 0.47) compared to the control and throughout the whole experiment.




Figure 1 | Daily mean temperature (A) and concentrations of Chl-a (B), nitrite + nitrate (C), ammonium (D), orthophosphate (E) and silicate (F) in the control (blue) and warmed treatments (red). The error bars represent the range of the observations, and the green rectangle represents the phytoplankton bloom period. Temperature measurements on days 0 and 1 were not available due to a technical issue as well as NO2-+NO3- data on day 0 in the control treatment and NH4+ data on day 0 in both treatments.



In the control mesocosms, the average Chl-a concentration was on average 0.87 µg L-1 at the beginning of the experiment (day 0). Then, it progressively increased from day 6 to 10, reaching its maximum average concentration of 4.51 µg L-1 on day 10 in the control, indicating a phytoplankton bloom from day 6 to 10 (Figure 1B). The periods before and after the bloom period were considered prebloom (from day 0 to 5) and postbloom (from day 11 to 18), respectively, and the later period was characterized by a drop in the Chl-a concentration (average 2.09 µg L-1 during this period in the control treatment).

In the warmed treatment, the mean Chl-a concentration was significantly lower than in the control treatment, although the Chl-a dynamics showed the same trend as in the control (Figure 1B and Table 1A). More specifically, the mean Chl-a concentration was on average 54% lower under warming over the bloom and postbloom periods.

In the control treatment, nitrite + nitrate (NO2-+NO3-) and ammonium (NH4+) mean concentrations were relatively high during the prebloom period (from day 0 to 5), with averages of 1.43 µM and 0.86 µM, respectively. Then, concentrations dropped during the bloom and reached their lower value during the postbloom period (days 11 to 18) with 0.13 µM NO2-+NO3- and 0.24 µM NH4+ on average (Figures 1C, D). Similarly, the orthophosphate (PO43-) mean concentrations were also high (1.04 µM on day 1) at the beginning of the experiment and then gradually decreased over time, reaching 0.18 µM on the last day of the experiment (day 18, Figure 1E). Silicate mean concentrations (SiO2) were relatively high in the control treatment over the whole period of the experiment, ranging from 2.04 to 5.01 µM (Figure 1F).

In the warmed treatment, the mean nitrite+nitrate concentrations were significantly higher than those in the control treatment, especially during the postbloom period (days 11 to 18), reaching concentrations 1311% higher than in the control treatment (Figure 1C). Similarly, the ammonium and silicate mean concentrations over the whole experiment were slightly higher by 8 and 11% on average in the warmed treatment than in the control. More specifically, silicates concentrations were significantly higher under warming from day 6 to 16 by 20%. In contrast, the mean orthophosphate concentrations was significantly lower under warming from day 2 to 10 by 24% and were on average 10% lower in the warmed treatment than in the control over the course of the experiment (Figure 1E; Table 1).


Table 1 | Summary table of the p-values of the RM-ANOVA performed between the control and warmed treatment over the warmed period from days 2 to 18, for daily mean Chl-a and nutrient concentrations and daily mean abundance of phytoplankton, bacteria and viruses groups. 






Effect of Warming on the Phytoplankton and Bacterioplankton Communities

Among phytoplankton< 10 µm, Pico was the most abundant group in the control treatment. Their abundances increased successively at two times, on day 2 reaching 3.7 ×104 cells mL-1 and on day 6 reaching 2.4 ×104 cells mL-1 (Figure 2B). Small Nano was the second most abundant group, with abundances strongly increasing in the control from the beginning of the bloom until the end of the experiment, reaching 1.1 ×104 cells mL-1 on day 18. In parallel, Large Nano showed the strongest increase in abundance during the bloom, reaching an average of 1.3 × 103 cells mL-1 ( ± 0.4 × 103 cells mL-1), before decreasing postbloom. In the control treatment, Cyano was the least abundant group, with abundances slowly decreasing from 709 cells mL-1 on day 0 to an average of 46 cells mL-1 ( ± 15 cells mL-1) during the bloom and postbloom periods (Figure 2).




Figure 2 | Daily average abundances (± range of the observations) of cyanobacteria (A), picophytoeukaryotes (B), nanophytoplankton (C, D), bacteria (E, F) and viruses (G, H) in the control (blue) and warmed (red) treatments. The green rectangle highlights the phytoplankton bloom period.



In the warmed treatment, there were lower abundances of Pico, Small and Large Nano with a different dynamic compared to the control treatment. More specifically, there was an increase in Pico abundance on day 2 similar to that in the control, which was 31% higher than in the control. However, there was no second increase in Pico abundance during the bloom as it was in the control, resulting in 54% lower Pico on average under warming. Similarly, Small and Large Nano abundances were significantly lower under warming compared to the control, respectively 55 and 36% on average over the course of the experiment. Cyano was the only group with significantly higher abundances in the warmed treatment than in the control (approximately four times higher) (Figure 2).

Among bacteria, HNA was the most abundant group in the control, with abundances ranging from 1.3 ×106 to 3.3 ×106 cells mL-1, while LNA abundances ranged from 0.9 ×106 to 1.2 ×106 cells mL-1 (Figures 2E, F).

    
Contrary to what was observed for the phytoplankton groups, LNA abundances were significantly higher in the warmed treatment than in the control by 26% during the phytoplankton prebloom and bloom periods. Their abundances were quite similar between treatments postbloom. From days 2 to 6 HNA abundances were significantly 30% higher in the warmed treatment than in the control, but thereafter (from days 7 to 18), their abundances were overall 19% lower in the warmed treatment than in the control (Figures 2E, F).

        
V1 abundances, ranging from 2.0 ×107 to 3.6 ×107 viruses mL-1, were higher than V2 abundances, which ranged from 1.7 ×106 to 2.9 ×106 viruses mL-1 (Figures 2G, H).

            
In the warmed treatment, the V1 abundance was significantly 12% lower than in the control, especially during the postbloom period. In contrast, V2 was significantly 11% more abundant under warming, except from days 16 to 18, where its abundance decreased by an average of 45% in the warmed treatment than in the control (Figures 2G, H).



Warming Effects on the Estimated Phytoplankton and Bacterial Carbon Biomass

The estimated total phytoplankton C-biomass based on HPLC analyses ranged from 50 to 257 µg C L-1 over the course of the experiment in the control treatment (Figure 3A). Phytoeukaryotes< 10 µm C-biomass estimated based on cytometric counts represented between 49 and 87% of the total phytoplankton C-biomass, thus the remaining C-biomass (13 to 51%) can be attributed to phytoplankton > 10 µm. Large Nano represented up to 54% of the phytoplankton C-biomass during the bloom (day 8), while Small Nano represented most of the phytoplankton C-biomass (68%) in the postbloom period. Cyanobacteria represented less than 1% of the phytoplankton C-biomass in the control with biomass ranging from 0.004 to 0.149 µg C L-1. The bacteria C-biomass ranged from 44 to 89 µg C L-1 (Figure 3A). At the beginning of the experiment, the bacteria C-biomass exceeded that of phytoplankton, while this trend was reversed during the bloom and postbloom periods. Bacteria C-biomass represented 17 to 63% of the total estimated C-biomass of bacteria and phytoplankton.




Figure 3 | Histograms representing the average daily carbon biomass in the control (A) and in the warmed treatment (B) of the total phytoplankton community, estimated from Chl-a measurements (white), total bacteria community estimated from cytometric count (purple) and of different phytoeukaryotes groups< 10 µm: Pico, Small Nano and Large Nano (shade of green) estimated from cytometric counts. Note that cyanobacteria biomass was extremely low all along the experiment (< 0.20 µg C L-1) and therefore was not plotted individually on the figure; however, cyanobacteria biomass is accounted for through total phytoplankton community biomass.



Under warming, the phytoplankton C-biomass was significantly lower than in the control, ranging from 48 to 133 µg C L-1. The phytoeukrayotes< 10 µm groups generally represented a higher proportion of phytoplankton C-biomass than in the control, from 51% to 94%. However, Large Nano remained the main contributor (up to 59%) to phytoplankton C-biomass during the bloom and postbloom periods. In the warmed treatment, cyanobacteria represented also less than 1% of phytoplankton C-biomass with biomass ranging from 0.041 to 0.192 µg C L-1. Bacteria C-biomass, ranging from 52 µg C L-1 to 89 µg C L-1, was not significantly different from that in the control; however, it surpassed that of phytoplankton during both the prebloom and postbloom periods (Figure 3B).

Overall, the average phytoplankton C-biomass over the course of the experiment in the control and warmed treatments was 136.80 µg C L-1 (± 68.42 µg C L-1) and 72.42 µg C L-1 (± 28.35 µg C L-1), respectively, representing a decrease of 47% under warming. In contrast, the average bacteria C-biomass was similar in the control and warmed treatments, with 69.01 µg C L-1 (± 13.66 µg C L-1) and 68.74 µg C L-1 (± 11.24 µg C L-1), respectively.



Effect of Warming on Phytoplankton Growth and Grazing Mortality Rates

The highest phytoplankton growth rates, estimated on day 7, in the control treatment based on Chl-a concentrations as well as those of Pico, Small Nano and Large Nano, based on cytometry counts were systematically depressed by 25 to 58% under warming (Figures 4A, C, E, G; Table 2). During the postbloom period, the growth rates of Pico and Small Nano were significantly higher by 36 to 95% in the warmed treatment compared to the control. Cyano abundances were high enough only in the warmed treatment to calculate growth rates, which were relatively low, ranging from 0.005 to 0.13 d-1 during the bloom and postbloom periods (Figure 4I). The results related to the addition of inorganic nutrients to investigate a possible nutrient limitation of phytoplankton showed that nutrient limitation was sporadic, as among 48 estimated phytoplankton net growth rates, only 7 were significantly enhanced when nutrients were added, and among them, 6 were in the postbloom period (Supplementary Data; Supp. Figure 2).




Figure 4 | Dynamics of the mean (± standard deviations) of growth and grazing mortality rates in the left and right panels, respectively, based on Chl-a concentration (A, B) or based on cytometry count for eukaryotic picophytoplankton (C, D), small nanophytoplankton (E, F), large nanophytoplankton (G, H) and cyanobacteria (I, J) in the control (blue) and warmed (red) treatments. The stars (*) represent a significant difference ( p < 0.05) in the mean growth or grazing mortality rates between the control and warmed treatments. The green rectangle highlights the period of phytoplankton bloom.




Table 2 | Summary table of the p-values of the statistical comparison performed between the control and warmed treatments for the growth, grazing mortality rates, carbon biomass production and transfer of different phytoplankton and bacteria groups for each dilution day (days 1, 5, 7, 9, 11 and 14). RM-ANOVA was performed from days 5 to 14.



There were no significant differences in the grazing mortality rates of phytoplankton-Chl-a and on Large Nano between treatments, although we noticed a lower grazing mortality rate from days 1 to 7 and higher grazing mortality rates on days 9 and 11. In contrast, the grazing mortality rates of Pico and Small Nano were significantly higher by 55 up to 625% under warming, especially during the bloom and postbloom periods (Figures 4D, F; Table 2). The grazing mortality rate of Cyano was relatively high in the warmed treatment and increased through the postbloom period from 0.00 d-1 to 2.40 d-1 (Figure 4J).



Effect of Warming on Bacterioplankton Growth and Grazing Mortality Rates

Bacterial growth rates revealed that both HNA and LNA generally had significantly higher growth rates in the warmed treatment than in the control (Table 2). This was essentially the case during the phytoplankton bloom and postbloom periods, with growth rates 48 to 250% higher than those of the control for LNA and 13 to 39% higher for HNA (Figures 5A, C). In contrast to this general trend, in the phytoplankton prebloom period, bacterial growth rates were lower in the warmed treatment than in the control, especially on day 5, when rates were lower by 43% for LNA and 31% for HNA (Figures 5A, C). Note that the results related to the addition of nutrients to check a possible inorganic nutrient limitation of bacteria showed only 7 cases of significant differences over 24 total measurements between net growth rates measured with and without nutrient addition, 3 cases during the prebloom period and 4 cases in the postbloom period (Supplementary Data; Supp. Figure 2).




Figure 5 | Dynamics of the mean (± standard deviations) growth and grazing mortality rates of LNA (A, B) and HNA (C, D) groups in the control (blue) and warmed (red) treatments estimated from the dilution method. The error bars represent the standard deviations from the means. The stars (*) represent a significant difference ( p < 0.05) in the mean growth or grazing mortality rates between the control and warmed treatments. The green rectangle highlights the period of phytoplankton bloom.



The comparison of the grazing mortality rates of bacteria between the treatments was similar to the comparison previously described for their growth rates. Indeed, the grazing mortality rates of the bacterial groups were higher in the warmed treatment than in the control during the bloom and postbloom periods. This trend was significant for LNA, with increasing rates from 35 to 224% from day 5 to 14, and was less marked for HNA, with grazing mortality rates reaching a maximum increase of 32% during the bloom (Figures 5B, D; Table 2).



Effect of Warming on Estimated Carbon Biomass Production and Transfer

Phytoplankton C-biomass production based on Chl-a measurements in dilution experiments in the control ranged from 2 to 103 µg C L-1, while the C-biomass transfer ranged from 8 to 144 µg C L-1 (Figures 6A, C). Bacteria C-biomass production in the control ranged from 28 to 101 µg C L-1, and bacterial C-biomass transfer ranged from 38 to 99 µg C L-1 (Figures 6A, C). Bacteria represented 36 to 98% of the total C-biomass production and 30 to 92% of the total C-biomass transfer in the control treatment.




Figure 6 | Mean (± standard deviations) of carbon biomass production (A, B) and carbon biomass transfer (C, D) of total phytoplankton (white), based on Chl-a measurements and total bacteria (purple), based on the cytometric analysis, in the control (left figure) and warmed (right figure) treatments. The green rectangle highlights the period of phytoplankton bloom.



Comparison of C-biomass production and transfer between treatments revealed that phytoplankton C-biomass production was significantly reduced by 36 to 95% under warming (Figure 6B; Table 2). Similarly, phytoplankton C-biomass transfer was also significantly depressed by 34 to 87% under warming (Figure 6D; Table 2). In contrast, bacterial C-biomass production and transfer were generally higher in the warmed treatment than in the control, especially during the bloom and postbloom by 8 to 80% and 13 to 40%, respectively (Figures 6B, D). Overall, in the warmed treatment, bacteria represented higher proportions of the total C-biomass production (54 to 99%) and higher proportions of the total C-biomass transfer (50 to 93%). Considering the 6 days during which phytoplankton and bacteria C-biomass production and transfer were estimated, the total C-biomass production and transfer were reduced by 8% and 20%, respectively.




Discussion


Warming Depressed Phytoplankton

A main result of the present in situ mesocosm study is that an increase of 3°C in the water temperature significantly depressed Chl-a concentrations, resulting in a 47% lower phytoplankton C-biomass, as well as 34 to 95% lower phytoplankton C-biomass production and transfer. The phytoplankton community biomass was dominated by the small phytoeukaryotes size fraction (< 10 µm), which represented at least half and up to 94% of the Chl-a biomass. Both eukaryotic picophytoplankton and nanophytoplankton abundances were depressed under warming, contrary to multiple previous studies showing that small phytoplankton usually benefit from warmer waters (Winder et al., 2009; Morán et al., 2010; Pulina et al., 2016; Trombetta et al., 2019). However, the stronger decrease in total phytoplankton Chl-a biomass compared to those of pico and nanophytoplankton abundances suggested that warming also affected negatively microphytoplankton. Indeed, microphytoplankton and nanophytoplankton contributed mostly to the bloom, as expected in the natural waters of the Thau lagoon during spring according to previous observations (Bec et al., 2005; Trombetta et al., 2019). This negative effect of warming on phytoplankton biomass coincided with a significant decrease in orthophosphate concentration during the prebloom and bloom periods which potentially resulted from bacteria assimilation. Indeed, in contrast to the phytoplankton biomass decrease, bacteria benefitted from warming as LNA abundances were significantly higher under warming in prebloom and bloom periods as well as HNA under warming in prebloom. Previous studies have reported that warming could accentuate competition between phytoplankton and bacteria for nutrients (Kordas et al., 2011; Courboulès et al., 2021). Even though the phytoplankton inorganic nutrient limitation estimated during the dilution experiments in prebloom and bloom periods was not stronger under warming (Supplementary Data; Supp. Figure 2), bacteria potentially outcompeted phytoplankton for orthophosphate assimilation under warming, leading to the lower phytoplankton biomass in the warmed treatment. In line with this, nitrite + nitrate and silicate concentrations were not consumed and were accumulated under warming, probably due to this negative effect of warming on phytoplankton groups including those relying on silicates as diatoms.

The grazing mortality rates of phytoplankton also tended to be higher under warming and could have contributed to the lower phytoplankton biomass. It was significantly the case for picophytoplankton from day 5 to 11, while larger phytoplankton displayed a non-significant trend of higher grazing mortality rates during the bloom and postbloom periods on days 9 and 11. It should be noted that in the present study, the statistical tests performed on dilution experiment data were limited due to a low amount of data points. However, the trend of higher grazing mortality rates of phytoplankton under warming is supported by a previous study showing that warming positively affects grazer activity (Rose et al., 2009), and mesocosm investigations suggesting that higher grazing in warmer water is the main factor explaining the decrease in phytoplankton biomass (Aberle et al., 2007; Sommer and Lengfellner, 2008; O’Connor et al., 2009).

In addition to the higher grazing mortality rates reported under warming, higher abundances of one virus group (V2) was observed in the present study under warming. Based on flow cytometry analysis, Marie et al. (1999) suggested that the larger V2 population could be infectious of phytoplankton while the smaller V1 population could be bacteriophages. Hence, it could be hypothesized that the higher abundance of V2 population under warming may have led to stronger viral lysis on phytoplankton that could have contributed to the diminution in phytoplankton biomass in the warmed treatment.

    
Furthermore, the growth rates estimated for eukaryotic picophytoplankton and small nanophytoplankton were significantly depressed under warming at the beginning of the bloom (day 7), notably when the growth rates attained their maximal values during the experiment. These results challenge previous findings, as it is widely known that an increase in temperature enhances growth rates in general (Eppley, 1972). As bacterial growth was enhanced by warming during the bloom simultaneously to the depression in phytoplankton growth, it further supports the previously emitted hypothesis that competition between phytoplankton and bacteria for available orthophosphate concentrations could have occurred under warming at the expense of phytoplankton (Rivkin and Anderson, 1997), causing the reduction of their growth rates at the beginning of the bloom period. Alternatively to this hypothesis the natural temperature variation observed in the control treatment, from 12.5 to 18.5°C, was typical of the Thau Lagoon during the spring period (Trombetta et al., 2019). Even with + 3°C in the warmed treatment, the temperature never exceeded the optimal temperature conditions for phytoplankton growth (Thomas et al., 2012; Chen, 2015b), and the high water temperature observed during this experiment cannot explain such an unexpected response to warming.

        
If the depression of growth rates under warming observed at the beginning of the bloom is unusual, the positive effect of warming on growth rates observed during the postbloom period is in complete agreement with previous studies. Notably, it is in agreement with results obtained during an identical mesocosm setup experiment in Thau Lagoon but in the autumnal season (Courboulès et al., 2021), and more generally, this result is in agreement with other studies reporting a general positive effect of warming on phytoplankton growth rates (Eppley, 1972; Savage et al., 2004; Lewandowska et al., 2014). Despite the very low abundances of cyanobacteria in our study, warming seemed to increase their abundances and growth rates. This result is in accordance with previous studies that reported positive correlations between cyanobacteria and temperature as described in mesocosm studies (Maugendre et al., 2015) and in situ (Chen and Laws, 2017), in agreement that due to high activation energy cyanobacteria prefer high water temperature (Chen and Laws, 2017).



Warming Favoured LNA but Not HNA

Bacteria were highly abundant during the experiment, as expected in Thau Lagoon (Mostajir et al., 2015; Trombetta et al., 2019; Courboulès et al., 2021). The high C-biomass of bacteria estimated during the study highlights the fact that bacteria play a major role in Thau Lagoon microbial community functioning. Among the wide range of marine bacterial growth rates (Ducklow, 1983), HNA and LNA depicted rather high growth rates, as well as high grazing mortality rates, similar to what has been previously described in the Mediterranean Sea (Ferrera et al., 2011) and more particularly in Thau Lagoon (Courboulès et al., 2021).

In contrast to the clear negative effect of warming on the phytoplankton community, there were almost no changes in total bacteria C-biomass between treatments. However, differences were reported between the LNA and HNA groups, with LNA being generally more abundant and HNA being less abundant under warming during the bloom and postbloom periods, suggesting different factors controlling the two groups. Both LNA and HNA growth rates increased under warming in the present investigation, in agreement with previous work of Piontek et al. (2009), reporting similar results in warmed indoor mesocosms and supporting the previously described positive relationship between bacteria growth rate and temperature (White et al., 1991). Regarding grazing mortality rates on LNA and HNA, the effect of warming on these bacterial groups differed. Grazing mortality of LNA increased under warming, underlying the potential positive effect of warming on their grazers in accordance with previous studies reporting higher grazing on bacteria in warmer incubation conditions (Vaqué et al., 2009; Vázquez-Domínguez et al., 2012; Tsai et al., 2015). However, this was not the case for HNA, suggesting that HNA may not have been preferentially grazed under warming or that their grazers were different from those of LNA and were consequently affected differently by warming. LNA and HNA growth and grazing mortality rates dynamics were remarkably similar over the course of the experiment and harbored an almost identical pattern of response under warming. This suggested a tight coupling between both bacterial groups and their corresponding grazers and a tight top-down control over bacteria in both treatments.

The contrasted response in phytoplankton and bacteria growth rates during the bloom period and more generally in their dynamics under warming suggests an uncoupling between phytoplankton and bacteria during this experiment, and seems to corroborate our hypothesis whereby there was a competitive interaction between phytoplankton and bacteria for orthophosphate assimilation under warming in the present study. This contrasts with previous studies reporting tighter phytoplankton-bacteria coupling during spring bloom in the Baltic Sea under warming (Hoppe et al., 2008; von Scheibner et al., 2014). However, in marine waters, bacteria and phytoplankton production can also be independent from each other and be uncoupled (Fouilland and Mostajir, 2010). Notably, grazing mortality rates which were enhanced under warming could provide carbon-rich organic matter that can be used by bacteria instead of fresh phytoplankton carbon release, as the latter is itself potentially lower under warming due to the strong depression observed in phytoplankton biomass. Therefore, this could contribute to the uncoupling between bacterial dynamics and phytoplankton bloom.



Warming Induced a Shift Toward a More Bacterial-Based Microbial Food Web Functioning

Warming greatly affected the estimated transfer of C-biomass through both phytoplankton and bacteria components. On the one hand, the estimated phytoplankton C-biomass production and transfer decreased under warming. On the other hand, bacterial C-biomass production and transfer were enhanced in the warmed treatment during the bloom and postbloom periods. This trend is consistent with previous studies reporting higher bacterial secondary production in warmer indoor mesocosms (Müren et al., 2005; Hoppe et al., 2008). In line with this, the increase in the bacterial C-biomass production:phytoplankton C-biomass production ratio under warming in our study is consistent with other studies reporting a positive relationship between temperature and the bacterial production:phytoplankton production ratio (Ducklow, 2000; Hoppe et al., 2002).

This trend toward bacterial-based production and transfer of biomass under warming was also reported in a high mountain Mediterranean lake (Durán-Romero et al., 2020), suggesting that bacteria tend to play a greater role in carbon fluxes in the microbial food web under warming. Relying more on bacteria, the microbial food web functioning would be considerably affected, favoring bacterivorous or omnivorous predators at the expense of herbivores. Even if both phytoplankton and bacteria grazing mortality rates were enhanced under warming, the depression in phytoplankton biomass might have a negative effect on herbivores while favoring bacterivorous or omnivorous predators, which would benefit from a more abundant food source in comparison. Ultimately, the total C-biomass transfer would be impacted as the pathway to transfer bacterial C-biomass up to the microzooplankton would be longer through smaller grazers and more levels of predators. (Legendre and Le Fevre, 1995; Berglund et al., 2007). As a potential consequence, the bacterial-based channelling of C-biomass through the microbial food web could be less efficient, with a greater quantity of material losses (Cushing, 1989; Legendre and Le Fevre, 1995). However, this shift towards a bacterial dominated biomass production cannot be sustained over time, as the organic carbon is mainly derived from phytoplankton in a steady state condition. Nevertheless, in coastal areas, the bacterial production can also be supported by allochthonous organic matter brought for example by terrestrial runoff (Robinson, 2008; Fouilland and Mostajir, 2010; Fouilland and Mostajir, 2011; Meunier et al., 2017).

In summary, the present investigation highlighted that under warming, phytoplankton biomasses as well as their estimated C-biomass production and transfer were depressed partly due to a potential competition with bacteria for orthophosphate assimilation and partly to their higher grazing mortality. In contrast, bacteria C-biomass production and transfer increased mainly due to their higher growth rates under warming during the bloom and postbloom periods. Based on these results, we hypothesize that under a future scenario of coastal water temperature increase, the microbial food web shifts from phytoplankton biomass-dominated production and transfer to bacterial biomass-dominated production and transfer, which would ultimately affect the whole food web functioning, including higher trophic levels.
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Period and day of the experiment

Variables 5-14 1 5 71 9 1 14
Growth Chl-a 0.29 (RM_ANOVA) 0.05 0.25 0.12 0.22 0.12 0.10
rates Pico 0.79 (RM_ANOVA) 0.12 0.51 0.05 0.05 0.05 0.05
Small Nano 0.50 (RM_ANOVA) 0.83 0.51 0.05 0.08 0.08 0.08
Large Nano 0.24 (RM_ANOVA) 0.08 0.83 0.08 0.04 0.12 0.10
LNA 4.4 x 10* (RM_ANOVA) 0.28 0.05 0.05 0.13 0.05 0.05
HNA 0.16 (RM_ANOVA) 0.83 0.13 0.05 0.25 0.13 0.05
Grazing mortality Chl-a 0.89 0.12 0.12 0.12 0.08 0.12 0.12
rates Pico 2.2 x 10 (RM_ANOVA) 0.05 0.05 0.05 0.05 0.05 0.08
Small Nano 6.4 x 10 (RM_ANOVA) 0.13 0.51 0.38 0.08 0.05 0.56
Large Nano 0.19 (RM_ANOVA) 0.08 0.82 0.08 0.51 0.44 0.10
LNA 1.8 x 104 (RM_ANOVA) 0.13 0.05 0.05 0.08 0.05 0.05
HNA 0.72 (RM_ANOVA) 0.83 0.05 0.05 1.00 0.51 0.28
C-Biomass productions Total phytoplankton 5.3 x 10° (RM_ANOVA) 0.12 0.12 0.12 1.00 0.12 0.12
Total bacteria 0.14 (Kruskal-Wallis) 0.51 0.51 0.51 0.13 0.05 0.05
Total phytoplankton and bacteria 0.79(RM_ANOVA) 0.51 0.51 0.51 0.05 0.83 0.13
C-Biomass transfers Total phytoplankton 5.4 x 104 (RM_ANOVA) 0.12 0.12 0.12 0.56 0.12 0.12
Total bacteria 0.29 (Kruskal-Wallis) 0.83 0.05 0.05 0.51 0.05 0.28
Total phytoplankton and bacteria 0.14 (RM_ANOVA) 0.83 0.18 0.51 0.83 0.51 0.51

When normality assumptions could not be met, the Kruskal-Wallis test was performed instead. Day-by-day comparisons were done with a Kruskall-Wallis test. Significant p values
smaller than or equal to 0.05 are represented in bold in the table.
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Variables

Daily mean concentrations in the mesocosms NOy+NO,
NH,*
PO*
PO
SiO,
Sio,
Chl-a
Daily mean abundances in the mesocosms Cyano
Pico
Small Nano
Large Nano
LNA
LNA
HNA
HNA
\al
V2

Period (days)

2-18
2-18
2-18
2-10
2-18
6-16
2-18
2-18
2-18
2-18
2-18
2-18
2-10
2-18
2-6

2-18
2-18

p-values

1.7 x 10'° (Kruskal-Wallis)
0.14 (Kruskal-Wallis)
0.068 (RM_ANOVA)

1.4 x 105 (RM_ANOVA)
0.12 (Kruskal-Wallis)

9.1 x 10°"° (RM_ANOVA)
1.9 x 10 (RM_ANOVA)
1.5 x 102 (RM_ANOVA)
0.75 (RM_ANOVA)

4.3 x 10 (RM_ANOVA)
1.5 x 10 (RM_ANOVA)
0.02 (RM_ANOVA)
2.2x 10 (RM_ANOVA)
0.08 (RM_ANOVA)

1.6 x 10 (RM_ANOVA)
5.9 x 10 (RM_ANOVA)
0.02 (RM_ANOVA)

Tests were performed also over specific periods of time (from day 2 to 10, 2 to 6 and 6 to 16), regarding the dynamics of some variables. When normality assumptions could not be

met, a Kruskal-Wallis test was performed instead. Significant p-values smaller than or equal to 0.05 were represented in bold characters in the table.





