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Effect of global change variables on the structure and photosynthesis of phytoplankton communities was evaluated in three different sites of the Patagonian coast of Argentina: enclosed bay (Puerto Madryn, PM), estuarine (Playa Unión, PU), and open waters (Isla Escondida, IE). We exposed samples to two contrasting scenarios: Present (nutrients at in situ levels) vs. Future (with lowered pH and higher nutrients inputs), and determined growth and photosynthetic responses after 2 days of acclimation. Under the Future condition phytoplankton growth was higher in the estuarine site compared to those in PM and IE. This effect was the most pronounced on large diatoms. While the increase of photosynthetic activity was not always observed in the Future scenario, the lower photosynthetic electron requirement for carbon fixation (Φe,C = ETR/PmB) in this scenario compared to the Present, suggests a more effective energy utilization. Long-term experiments were also conducted to assess the responses along a 4 days acclimation period in PU. Diatoms benefited from the Future conditions and had significantly higher growth rates than in the Present. In addition, Φe,C was lower after the acclimation period in the Future scenario, compared to the Present. Our results suggest that the availability, frequency and amount of nutrients play a key role when evaluating the effects of global change on natural phytoplankton communities. The observed changes in diatom growth under the Future scenario in PU and IE and photosynthesis may have implications in the local trophodynamics by bottom up control.
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INTRODUCTION

Global change is a phenomenon commonly associated with an increase in the average temperature that brings about significant changes in the ecosystems, affecting the marine life and its environment in various ways (IPCC, 2019). Other processes, directly or indirectly related to global change, will alter coastal environments, either through significantly decreased pH (associated with higher CO2 levels released into the atmosphere) and/or due to higher nutrient inputs resulting from increasing agricultural and industry activities and urban development (IPCC, 2019). The effects of such alterations as well as the capacity to adapt to such changes are species-specific among phytoplankton communities (Gao et al., 2012). Higher nutrient inputs usually favor phytoplankton growth and photosynthesis (Falkowski et al., 1998; Behrenfeld et al., 2006), especially under nutrient-limiting conditions (Howarth, 1988; Cloern, 1999). Many organisms on the other hand, benefit from increasing CO2 levels by investing less energy into carbon concentrating mechanisms (Levitan et al., 2007; Rost et al., 2008; Hopkinson et al., 2011). In nature, different environmental variables interact usually in a synergistic or antagonistic manner, enhancing or reducing their individual effects (Crain et al., 2008). For example, Domingues et al. (2016) found that nutrient enrichment suppressed the negative effects of high CO2 and UVR on cyanobacteria and diatoms in an estuarine community. Hama et al. (2016), on the other hand, found significant effects of nutrient addition on phytoplankton growth only during the early stages of a 1 month mesocosm experiment, while the negative effects of higher acidification were evident only during the post-bloom period.

Intensive efforts have been put in evaluating and potentially predicting the effects of global change on the growth and photosynthetic performance of phytoplanktonic organisms, due to their key role as primary producers in the aquatic food webs. Such efforts are evident from large available datasets (Dutkiewicz et al., 2015; Bach and Taucher, 2019) that also highlight the vulnerability of organisms and ecosystems to global change. Some geographical regions, however, have been poorly explored and represented, and thus there is an urgent need to fill the knowledge gaps in how global change may impact primary producers in these areas. One clear example of these gaps are the South West Atlantic Ocean coastal waters, in which relatively little is known about the effects of global change variables on these organisms, despite the fact that 6–11% of global primary productivity occurs in this area (Uitz et al., 2010; Rousseaux and Gregg, 2014). Patagonian waters constitute one of the most important fishery areas of the Atlantic Ocean Basin (Carli et al., 2012; Góngora et al., 2012). In this region, some studies have determined significant effects on different global change variables on the size structure, taxonomic composition and phytoplankton responses of natural communities [Villafañe et al. (2021) and references therein]. Only few studies (Villafañe et al., 2015, 2018; Bermejo et al., 2020) assessed the effects of both increased nutrients and lowered pH, conditions that are already present in Patagonian coastal waters (Bermejo et al., 2018; Orselli et al., 2018), on phytoplankton communities, however, since these studies were conducted in an estuarine site with unique characteristics it made the extrapolation of these results to other ecosystems unfeasible. To get a broader range of responses, we selected three geographical sites with similar temperature and radiation conditions but different geomorphological characteristics, and thus with different water exchange frequencies, on the Patagonian coast. The aim of our study is to assess the response and efficiency of photosynthesis in these three phytoplankton communities exposed to simulated conditions of global change (lowered pH and increased nutrients), using an experimental approach (Morris, 1991; Quinn and Keough, 2002; Boyd et al., 2010). We believe that these evaluations may have important implications on our understanding of current and potentially future local and regional ecosystem services.



MATERIALS AND METHODS


Study Area

This study was carried out with seawater collected at three sites in the Patagonian coast, in the Chubut Province, Argentina: (a) Puerto Madryn (42° 39′ S; 64° 58′ 40′′ W, hereafter PM), located in the Golfo Nuevo; (b) Playa Unión, at the mouth of the Chubut River estuary (43° 20.5′S, 65° 0.20′W, hereafter PU), and (c) Isla Escondida (43° 47′ S; 65° 18′ 17′′ W, hereafter IE) (Figures 1A,B). These sites were selected because of their different physical, biological and chemical characteristics. The PM site is located within an enclosed gulf, with little exchange with open waters (Rivas and Beier, 1990) which results in high Chl a concentration at surface waters throughout the year (D’Agostino et al., 2018). Only a few studies have focused on the effects of global change variables in this site; namely, one investigated the impact of solar ultraviolet radiation (UVR) on photosynthesis, and another the interactive effects of UVR and nutrients on phytoplankton growth and species composition (Villafañe et al., 2004; Marcoval et al., 2008). The PU site is under the influence of riverine waters that carry a heavy load of anthropogenic nutrients (Helbling et al., 2010; Bermejo et al., 2018), which also results in high Chl a concentration at the plume of the river (Figure 1B). Several global change studies have been done on phytoplankton communities from this site, with variables such as lowered pH, nutrients, temperature, input of terrigenous materials and mixing (Helbling et al., 2015b; Bermejo et al., 2018; Villafañe et al., 2018; Bermejo et al., 2020). Contrary to the PU site, IE is located in the open waters, and is a highly productive area, being the main nursery location for the hake (Merlucius hubsii) (Álvarez-Colombo et al., 2011). To the best of our knowledge, in this site no research on the effects of global change on phytoplankton communities has yet been conducted.
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FIGURE 1. Sampling sites on the South West Atlantic coast. Background contours denote satellite-derived (MODIS-Aqua) chlorophyll a concentration, composited over (A) 1 month average (1–31 October, 2017) and (B) 8 days average (8–15 October, 2017). Daily Moderate Resolution Imaging Spectroradiometer-Aqua (MODIS) level-3 Chl a (in mg m–3) with 4-km resolution were obtained from NASA Goddard Space Flight Center (https://oceancolor.gsfc.nasa.gov/). Open circles represent sampling sites: PM, Puerto Madryn; PU, Playa Unión; IE, Isla Escondida (Chubut Province, Argentina).




Experimental Set up

Surface seawater (<0.5 m) samples (ca. 20 and 100 L, for the short- and long-term experiments, respectively) from the sites were collected with an acid-cleaned (1N HCl) bucket the day before the start of the experiments, and immediately taken to the laboratory at the Estación de Fotobiología Playa Unión (EFPU, 1 h, 10 and 40 min away from PM, PU, and IE, respectively). To remove large zooplankton, samples were pre-screened (200 μm mesh) and stored in the dark overnight in an incubator set at in situ temperature (14°C; Table 1A) until the start of experiments in the following morning. Two types of experiment were done: (a) Short-term experiments (PM, PU, and IE), where samples were allowed to acclimate for 2 days, and then measurements and analyses were performed during the day (see below) and (b) Long-term experiment at PU, where the analyses and measurements were performed along different acclimation periods (i.e., no acclimation, 2- and 4 days acclimation). A schematic representation of the experiments indicating the sampling and measurements is presented in Figure 2. The PU site for the long-term experiment was the most dynamic from the three selected sites, with large gradients in its biotic and abiotic variables due to the riverine input. As a consequence, the organisms here had different acclimation capacities compared to those from PM to IE, which came from more stable conditions. For this long-term experiments, we selected 2 and 4 days of acclimation that were defined mid- and long-term acclimation, respectively, as these periods were enough to acclimate to the different scenarios as seen in previous studies carried out at PU (Villafañe et al., 2015). Prior to these experiments, we collected samples for Chl a, nutrients, pH, and taxonomic composition to assess the main characteristics of the study sites.


TABLE 1A Chemical and biological characteristics of seawater collected for each experiment.
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FIGURE 2. Schematic diagram of the experimental set up. White and black boxes show light and dark hours of the day. Downward arrows show nutrient and pH amendment, F and P represent Future and Present scenario, respectively. Upward arrows show the timing of measurements.


The short-term experiments consisted of two phases: Phase I (acclimation), in which the cells were placed in microcosms (500 mL of UV-transparent Teflon bottles) and were acclimated to solar radiation for 2 days in an outdoor water-bath. The temperature of the water-bath (14°C) was controlled manually by running water and the addition of ice when necessary. During the acclimation period, the Teflon bottles were mixed manually every 2–3 h to prevent cells from sinking. This process also ensured a homogeneous irradiance to the cells. The short-term experiments and acclimation periods started on 15, 16, and 17th of October 2017, for PM, IE, and PU, respectively (Figure 2). Two scenarios, Present and Future, were implemented in the microcosms (triplicate for each condition): (i) Present scenario: Samples with in situ nutrients concentration and pH; (ii) Future scenario: Samples with increased nutrients concentration and lower pH values. Here, pH was reduced by 0.4 units to reach the levels expected by the end of the century (IPCC, 2019). Increased nutrient concentration was achieved by adding macronutrients as in the f/20 medium (Guillard and Ryther, 1962). Nutrient enrichment mimicked a higher input (10 times compared with the Present scenario) due to human activity (Depetris et al., 2005) and increase in both atmospheric dust deposition (Wagener et al., 2008; Cloern et al., 2016), and river runoff (Rabalais et al., 2009; Bermejo et al., 2018). To lower the pH, CO32– (as Na2CO3), HCO3– (as NaHCO3), and HCl (0.01N) were added to the seawater samples to increase pCO2 and the dissolved inorganic carbon (DIC) content, as recommended by Gattuso et al. (2010). To determine the variations that may have occurred during the day, pH measurements in the microcosms were performed early in the morning, on a daily basis, using a pH meter (Hanna, model HI-2211, United States). Adjustments were done as required to maintain a difference of 0.4 units between the Present and the Future scenarios as described before. Phase II measurements started after 2 days of acclimation and consisted of oxygen evolution, carbon incorporation and fluorescence measurements (see below), three times of the day: morning (9–10 am), noon (12–1 pm), and afternoon (3–4 pm).

For the long-term (5 days) phytoplankton experiment from PU, the acclimation period started on the 16th of October (Figure 2). The collected sample (c.a. 100 L) was distributed into six microcosms—three for each scenario, as described above—in 10 L (LPDE Cubitainers, Nalgene), and put inside the outdoor water-bath for temperature control. Oxygen evolution, carbon incorporation and fluorescence parameter measurements were measured three times a day on October 16 and 20th, as described above for the short-term experiments (Figure 2). For the long-term PU experiment, Chl a was sampled on a daily basis, while samples for nutrient and taxonomic composition were collected on the 16, 18, and 20th of October.



Analyses and Measurements


Solar Radiation Measurements

Solar radiation was continuously monitored using a European Light Dosimeter Network broadband filter radiometer (ELDONET, Real Time Computers, Germany), which measures UV-B (280–315 nm), UV-A (315–400 nm), and PAR (400–700 nm) every second, averages the data over a 1 min interval, and stores them in a computer. This radiometer was permanently installed on the roof-top of EFPU, and routinely calibrated once a year using a solar calibration procedure. For this calibration, the irradiance data during a clear sky condition was compared with the output of radiation transfer models such as STAR (Ruggaber et al., 1994) and Daylight (Björn and Murphy, 1985).



Nutrients

Samples for the determination of macronutrient concentrations (NO3–+NO2–, PO43–, SiO32–; in triplicates for each scenario during the long-term at PU) were collected in 100 mL High Density Polyethylene (HDPE) bottles and kept frozen (−20°C) until the analyses. Nutrient concentrations were measured by colorimetric techniques (Strickland and Parsons, 1972) using a spectrophotometer (Hewlett Packard, model 8453E, United States). Specifically, NO3–+NO2– concentrations were measured by the Cd-Cu column method, while PO43– and SiO32– concentrations were measured by the molybdenum blue method. Detection limit (3 × standard deviation of the blank) for each nutrient was 0.09, 0.18, and 0.11 μM for NO3–+NO2–, PO43–, SiO32–, respectively.



Counting and Identification of Phytoplankton Cells

Samples for the identification and counting of phytoplankton cells (>2 μm, i.e., nano- and microplankton) were placed in 60 mL brown glass bottles and fixed with buffered formalin (final concentration of 0.4% of formaldehyde in the sample). Sub-samples of 10 or 25 mL were allowed to settle for 24 h in a sedimentation chamber (HydroBios GmbH, Germany). A drop of Rose Bengal was added to the chamber to better distinguish small cells from detritus and sediment. Species were identified and enumerated using an inverted microscope (Leica, model DM IL, Germany) following the technique described by Villafañe and Reid (1995). At least 200 cells were counted and identified at the species or genus level, although in some cases only the level group (e.g., flagellates) could be determined. To estimate cell size- and biovolume-based carbon biomass, unidentified species were sorted by size (e.g., flagellates in the 2–5 μm, 5–10 μm categories; diatoms in 10–20 μm; 20–30 μm etc.). Diatoms were sorted in centric and pennates. The biovolumes of the phytoplankton cells were calculated according to Hillebrand et al. (1999) and converted into carbon content (i.e., biomass) using the equations of Strathmann (1967), considering the abundance of cells in the samples.



Chlorophyll a (Chl a) Concentration

For the extraction of photosynthetic pigments, cells from 30 to 100 mL microcosm aliquots were collected on Munktell MG-F glass fiber filters (25 mm), and put in 15 mL centrifuge tubes with 5 mL of absolute methanol (Holm-Hansen and Riemann, 1978). The tubes containing the filters were then placed in a sonicator for 20 min at 20°C, and in dark for 40 min. The extracted samples were centrifuged for 15 min at 1,500 rpm (20°C), and the supernatants were collected. Samples were scanned at 250 and 750 nm using a spectrophotometer (Hewlett Packard, model HP 8453E, United States) and Chl a concentration was calculated using the equations of Porra (2002). Chl a concentrations of the same samples were also determined fluorometrically (Holm-Hansen et al., 1965) using a fluorometer (Turner Designs, Model Trilogy, United States) routinely calibrated against spectrophotometric measurements. There were no differences between the Chl a concentration calculated from both instruments, so the fluorometer data was used for all calculations.



Carbon Incorporation

Sub-samples for the determination of carbon incorporation were collected from the microcosms (in Phase II of the short-term, and on days 1 and 5 of the long-term experiment), and put into 30 mL Teflon bottles, inoculated with 0.185 MBq of radiocarbon (Holm-Hansen and Helbling, 1995) and placed inside a water-bath for temperature control. Samples were exposed to solar radiation (1 h) in the morning (9–10 am), noon (12–1 pm), and afternoon (3–4 pm). The inoculated samples were then immediately filtered through 0.7 μm Munktell GF/F filters (25 mm in diameter) under low pressure (<100 mm Hg). Filters were then put into 20 mL scintillation vials, and the excess of inorganic carbon was removed by exposing the filters to HCl fumes for 24 h. After acidification and following the addition of a scintillation cocktail (Optiphase Hisafe 3), samples were counted using a liquid scintillation counter. The rate of carbon incorporation was normalized by the Chl a concentration to calculate the assimilation number (PmB, in μmol C μg Chl a–1 h–1).



Variable Chlorophyll Fluorescence Parameters

Sub-samples from Phase II of the short-term, and from days 1 and 5 of the long-term experiment (Figure 2) were collected from the microcosms (triplicate for each scenario), put into 30 mL Teflon bottles in the outdoor water-bath for temperature control and exposed to solar radiation for 1 h in the morning (9–10 am), noon (12–1 pm), and afternoon (3–4 pm). Aliquots (2 mL) were taken from the Teflon bottles at the beginning, middle and end of the 1 h incubation period, and transferred to the measuring FastAct head of the benchtop FastOcean FRR (Chelsea Technologies Group, United Kingdom) for the photo-physiological measurements via fast repetition rate fluorometry (FRRf). Samples in the measuring chamber were kept at the outdoor temperature (14°C) using a laboratory thermostat. First, dark measurements were performed to derive the intrinsic and maximum Chl fluorescence Fo and Fm and the effective absorption cross-section of Photosystem II (σ). In order to analyze the in situ photo-physiology of the phytoplankton assemblage, samples were then exposed to actinic light intensity provided by the white LEDs of the FastAct illumination system attached to FastOcean that was set to the in situ light intensity, as measured by the local outside radiometer. The measurements in the presence of actinic light provided parameters F’ and Fm’. All measurements were conducted using a FastPro8 software. The single turnover FRR protocol consisted of 90 flashlets of 1 μs duration using the blue (450 nm) LED illumination; 70 sequences were averaged and then fitted using the equations of Kolber et al. (1998). A blank was measured every day by filtering the sample through a 0.2 μm filter. The Fo, Fm, F’, Fm’ values, measured for the blank, were then subtracted from the respective parameters measured in the samples. The maximum efficiency of absorbed light used for photochemistry (Fv/Fm) was estimated by the FRRf ST protocol during the dark-regulated state as ((Fm-Fo)/Fm). The absolute electron transport rate (ETR) normalized to Chl a [μmol electrons (μg Chl a)–1 h–1] was calculated using the “absorption” method of Oxborough et al. (2012) as:
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where Fm, Fo, F’, Fm’ are the blank corrected Chl variable fluorescence parameters defined above, E is the intensity of the set irradiance (in μmol photons m–2 s–1), KA is the instrument-specific calibration factor (11,800 m–1), 3,600 is factor to convert seconds to hours and [Chl a] is the Chl a concentration (in mg m–3).

To estimate the overall responses to actinic light, photosynthesis-irradiance (P-E) curves were measured during the morning (9–10 am), noon (12–1 pm), and afternoon (3–4 pm). ETR vs. E curves were obtained by exposing the cells to increasing irradiances from 0 to 2,278 μmol photons m–2 s–1 using 11 light steps at 20 s interval between each steps. Each measurement was conducted in triplicates. Light use efficiency (α), light saturation index (Ek), and the maximum electron transport rate (ETRmax) were then estimated by fitting the data to the model using equations of (Eilers and Peeters, 1988).



Net Community Productivity

Sub-samples taken from the microcosms were placed in 30 mL Teflon bottles (Nalgene) and exposed to solar radiation for 1 h inside the outdoor water-bath for temperature control. Oxygen concentration was measured using an optode-probe system (Minioxy-10 Presens GmbH, Germany) equipped with fiber optics and sensor-spots (SP-PSt3-NAU-D5-YOP), together with the Oxyview 6.02 software, to register the data. The system was calibrated before the measurements using a two-point calibration for 100 and 0% oxygen saturation, at the desired temperature and at atmospheric pressure. Oxygen concentration measurements were done three times in each period (i.e., at 9, 9:30 and at 10 a.m.; at 12, 12:30 a.m. and 1 p.m.; and at 3, 3:30 and 4 p.m.), with each measurement lasting 1 min. Hence, ca. 20 data were obtained during each measured period. Net community productivity (NCP, in μmol O2 μg Chl a–1 h–1) was calculated by normalizing the change of oxygen concentration during the 1 h of exposure by Chl a concentration.



Computation of C Chemistry

We have applied the following equations for the computation of C chemistry (Emerson and Hedges, 2008):
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where [] represents concentrations. We have computed [H+] from pH and used 2191 (μM) for [DIC], which is the expected value based on the method we used (Gattuso et al., 2010). For the pH values in PM, we used a value (8.102) from an earlier study (Kahl, 2018) close to PM; K1 and K2 were obtained by the following equations based on (Lueker et al., 2000; Emerson and Hedges, 2008):
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where

[image: image]

[image: image]

where T is temperature (in K) and S is salinity.

pCO2 is approximated by the following equation (Weiss, 1974; DOE, 1994; Emerson and Hedges, 2008):
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where
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Data Treatment and Statistics

Specific growth rates (μ) in each scenario were calculated using the total cell abundances as:
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where N0 and Nx represent the initial and final cell concentration at the initial time (t0) and at the end (tx) of each sampling period.

For the short-term experiments, differences in carbon incorporation, NCP, ETR, PmB and Φe,C, as the ratio of ETR and PmB (Lawrenz et al., 2013), were evaluated using two-way repeated measures ANOVAs with sites (PM, PU, and IE) and scenarios (Present and Future) as factors, and period of the day (i.e., morning, noon, and afternoon) as the repeated measures. When significant differences were obtained, a posteriori Tukey test was performed. In these experiments, limitation of sample volume precluded statistical analysis among samples for Chl a concentration, nutrients and phytoplankton abundance.

For the long-term experiment, differences in biomass and abundance between micro and nanoplankton cells, or among the most representative phytoplankton groups (i.e., centric diatoms, pennate diatoms, and flagellates) were evaluated using three-way ANOVAs, with size (micro vs. nanoplankton), groups (centric diatoms, pennate diatoms, or flagellates), scenarios (Present and Future), and acclimation (no, mid, or long-acclimation), as factors. The same type of analysis was done for the growth rates, but to compare μ for days 1–3 and 3–5, to assess the differences in mid- and long-acclimation. For carbon incorporation, NCP, ETR, PmB, and ETR (PmB)–1, two-way repeated measures ANOVAs were performed to evaluate differences in the measured parameters during the period of the day (i.e., morning, noon, and afternoon), with the scenario (i.e., Present and Future) and the acclimation (no-, mid-, and long-acclimation) as factors. When significant differences were determined, a posteriori Tukey test was performed. For comparisons of Chl a among acclimation time and between scenarios, we performed a repeated measures ANOVA.

In all cases, the data sets were tested for normality, homoscedasticity and sphericity using Kolmogorov-Smirnov, Cochran and Mauchley’s tests, respectively. If the data did not meet sphericity, we adjusted them using Greenhouse-Geisser correction. Although in some cases the data did not meet the assumptions, we decided to continue with the ANOVA’s tests, as for a large and balanced design, ANOVA are highly robust to such deviations (Underwood, 1997).



RESULTS


In situ Conditions at the Sampling Sites and Radiation Levels During the Experiments

The initial conditions at sampling time, as well as the irradiance during the acclimation and measurement periods for each site are shown in Table 1. In the short-term experiments, the temperature was rather similar among the study sites (13.5–14°C), while pH was lower at PU (8.07) compared to IE (8.34). Nutrient concentrations presented some differences among the sites, with PM having the lowest nitrate + nitrite values (0.18 μM), whereas PU the highest (0.55 μM), during the short-term experiment; phosphate concentrations, on the other hand, were similar in PM and PU (1.29 and 1.33 μM, respectively), and almost two times higher than that in IE (0.76 μM). Silicate concentrations displayed the largest differences among sites, with PU having ca. 10 times more than the other (26.6 μM in PU, 2.69 and 2.51 μM in PM, and IE, respectively, Table 1A). Initial Chl a concentrations were low in the three sampling sites, with IE being the lowest (0.39 μg L–1) and PU the highest (1.17 μg L–1). For the long-term experiment, the initial conditions were similar to that of short-term experiment, except for the nitrate + nitrite concentrations, which were much higher in the former case (7.89 μM; Table 1A), suggesting an extra input via riverine waters. The influence of clouds on solar PAR was generally insignificant during the experiments, so the samples were exposed to rather similar irradiances at the same time of the day for the different experiments. An exception to this was the afternoon of October 20th, when the long-term experiment had much lower PAR values (Table 1B).


TABLE 1B Incident solar radiation (PAR, irradiances, μmol photons m–2 s–1) during the short- and long-term experiments.
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Carbon Chemistry

The estimated CO2 concentrations at the sampling time varied between 7.6 and 15.2 μM, during both short- and long-term experiments. pH reduction (by 0.4 units) increased these estimated CO2 concentrations from 20.6 to 39.6 μM (Table 2). The biggest change (24.4 μM) was observed at PU during short-term experiment. pCO2 increased from 387.5 to 1,008 μatm as expected (Table 2). The pCO2 at all sites and experiments increased by a comparable amount as the ratio of increased pCO2 (i.e., values after divided by values before the acid addition) varied between 2.60 and 2.71.


TABLE 2. Estimated concentrations of CO2, HCO3–, CO32– before and after the pH-reducing treatment.

[image: Table 2]


Short-Term Experiments (PM, PU, IE)


Relative Abundance, Growth, and Changes in the Phytoplankton Community Structure

In terms of abundance, nanoplanktonic cells (<20 μm) dominated (92%) in all the three sites (Figure 3A); however, in terms of carbon biomass, microplanktonic cells (>20 μm) had the largest share (>50%) in PM and PU, whereas nanoplankton biomass was higher in IE (Figure 3B). The three sites were initially characterized by different proportions of phytoplankton groups (Figure 3C), but in terms of abundance, unidentified flagellates dominated in all sites (65–90%). The dominance of unidentified flagellates in terms of abundance was more evident at PU, compared to PM and IE. The rest of the community in PM was composed of pennate diatoms only (e.g., Grammatophora marina, Nitzschia longissima, and Navicula spp.), while this group were present together with centric diatoms (e.g., Thalassiosira spp.) in PU and IE (Figure 3C). In PM there were small changes in the size composition, both in terms of abundance (Figure 3A) or biomass (Figure 3B) in the two scenarios, at the end of the 2 days acclimation period. Nevertheless, the total abundance and biomass increased in both experimental scenarios (numbers inside the circular graphs; Figure 3C). A similar situation was observed in PU, but the Future scenario stimulated the growth of centric diatoms (e.g., Thalassiosira spp. and Chaetoceros spp.) compared to the Present (e.g., mainly Thalassiosira spp.), reaching the highest abundances and carbon biomass of the three sites (Figure 3C). Similarly, in IE, centric diatoms (Thalassiosira spp.) increased in abundance and biomass from the initial value, reaching similar values in the Present and Future scenarios (Figure 3C). The dominance of centric diatoms in abundance and biomass was the highest in IE, and the lowest in PM (Figure 3C). Overall, small cells dominated at the end of the acclimation period in PM, with the carbon concentration per cell decreasing from 24 ng C cell–1 in the initial sample to ∼10 ng C cell–1 in the Present and Future scenarios. On the other hand, large cells dominated in PU, with the carbon concentration per cell increasing from 17 ng C cell–1 in the initial sample to 48 and 44.5 ng C cell–1, for the Present and Future scenarios, respectively, having the largest change throughout the experimental period as compared to the other sites. Although cellular carbon content also increased in IE after the acclimation period, this change was smaller compared to PU, as in the initial sample the cellular carbon content was 18 ng C cell–1 and at the end these values reached 28.2 and 27.8 ng C cell–1, for both the Present and Future scenarios, respectively.


[image: image]

FIGURE 3. Phytoplankton community structure: size (micro and nanoplankton) and groups (centric diatoms: Cent, pennate diatoms: Penn, and flagellates: Flags), in terms of cell abundance (A) and biomass (B) for the three studied sites–Puerto Madryn (PM), Playa Unión (PM) and Isla Escondida (IE). The data correspond to the beginning –sampling time (Ini), and after the 2 days acclimation period, for the Present (Pre) and Future (Fut) scenarios. Numbers inside the circular graphs in (C) indicate the abundance (Abund, in cells ml–1) or the biomass (Biom, in μg C l–1).




Photosynthetic Rates

Photosynthetic rates were evaluated using three different and independent measurements: (a) net community production NCP [in μmol O2 (μg Chl a)–1 h–1], the net budget of photosynthetic oxygen production and active respiratory processes by all microorganisms present, (b) electron transport rates, ETR (in μmol e– (μg Chl a) –1 h–1), the electrons passed through photosystem II (PSII), and (c) assimilation numbers, as PmB [in μmol C (μg Chl a) –1 h–1], the inorganic carbon incorporated in the photosynthetic Calvin–Benson–Bassham cycle. All photosynthetic parameters were normalized to the Chl a concentrations measured at the same sampling periods. Chl a was in general higher in the Future scenario compared to the Present (Figure 4A) in all sites, being this increase especially evident in PU, and less in IE. In addition, Chl a concentrations increased along the day in the Future scenario in all sites, suggesting an active growth during the light period (Figure 4A). A similar trend was observed for bulk carbon incorporation (Figure 4B and Table 3), with values increasing during the day (especially in samples under the Future scenario) and these being significantly higher in the Future scenario (28.5 ± 3.4–76.4 ± 3.4 μg C L–1) than in the Present (8.8 ± 1.2–12.9 ± 0.6 μg C L–1) for PU during all the days. For PM the significant differences between Present and Future scenarios were observed at noon and afternoon, while for IE only at noon. Compared to PM and IE, PU had the highest values of carbon incorporation in the Future scenario (76.4 ± 3.4 μg C L–1; Figure 4B and Table 3).
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FIGURE 4. Chlorophyll a concentration (A) and carbon incorporation (B) of the samples collected in Puerto Madryn (PM), Playa Unión (PU) and Isla Escondida (IE) after being acclimated for 2 days under the Present (Pre) and Future (Fut) scenarios. Capital letters indicate the post-hoc results for the interaction time × site × scenario (2-way RM-ANOVA). M, N and A letters indicate morning, noon and afternoon, respectively. Lines on the top of the bars indicate standard deviation.



TABLE 3 p-values of the two-way RM-ANOVAs for carbon incorporation (Figure 4B), net community production (NCP) (Figure 5A), electron transport rates (ETR) (Figure 5B), assimilation number (PmB) (Figure 5C), and ratio ETR to PmB (Φe,C; Figure 5D).
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For NCP, there was a significant interaction between the period of the day, site and scenario (Figure 5A and Table 3), with higher values in the morning, which decreased during the day. In PM and IE, negative values were determined, indicating that community respiration surpassed oxygen production by phototrophs (Figure 5A). Significant differences between Future and Present scenarios were observed only for the PU samples, with NCP values being higher in the Present [3.21 ± 0.12 μmol O2 (μg Chl a)–1 h–1] than in the Future [1.04 ± 0.05 μmol O2 (μg Chl a)–1 h–1] during the morning measurements. A significant interaction among the period of the day, site and scenario was also determined for ETR (Figure 5B and Table 3), but it increased during the day in both scenarios. Differences among the period of the day were only significant in PU, with values during the noon and the afternoon being higher than in the morning. ETR values were similar between the Present and Future scenarios in all sites with the exception of samples measured during the morning in IE, where higher values were registered in the Future (Figure 5B and Table 3). Finally, PmB values were similar along the day for each site; however, there was a significant interaction between the period of the day and site, with values in PU increasing from morning to afternoon, especially when compared to PM and IE (Figure 5C and Table 3). Moreover, a significant interaction between sites and scenario was determined in the Present scenario, with higher PmB values in PU than in PM and IE (Figure 5C and Table 3). There was also a significant interaction among the period of the day, site and scenario for the electron requirement for carbon fixation Φe,C (calculated as ETR/PmB at in situ irradiance) (Figure 5D and Table 3) with values varying between 5.8 and 11.8, and being generally (but not significantly) higher in the Present than in the Future scenario.
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FIGURE 5. (A) Net community productivity (NCP); (B) electron transport rates (ETR); (C) assimilation numbers (PmB), and (D) ratio of ETR and PmB (Φe,C) of the samples collected in Puerto Madryn (PM), Playa Unión (PU) and Isla Escondida (IE) after being acclimated for 2 days under the Present (Pres) and Future (Fut) scenarios. M, N and A letters indicate morning, noon and afternoon, respectively. Lines on the top of the bars indicate standard deviation.




Long-Term Experiment (PU)


Abundance of Cells, Growth and Changes in the Phytoplankton Community Structure

Throughout the long-term experiment at PU, nanoplanktonic cells were dominant in terms of abundance in the both scenarios, accounting for > 86% of the phytoplankton community (Figure 6A). In terms of biomass, microplanktonic cells were the most represented group, except for the samples at the end of the acclimation period (day 5), where nanoplankton biomass (∼53%) surpassed it slightly (Figure 6C). Unidentified flagellates and centric diatoms (e.g., Thalassiosira spp.) were the most representative groups in terms of both, abundance (Figure 6B) and biomass (Figure 6D); pennate diatoms (mainly Asterionellopsis glacialis) only contributed in a small proportion (<19%, Figures 6B,D). Cell abundances, either based on size or groups, increased throughout the experiment, reaching their highest values in the Future scenario at the end of the acclimation period (Figures 6A,B). In day 5 significant differences between scenarios were detected, with higher nano- and microplankton abundances under the Future scenario (Figure 6A and Table 4), and with significant differences only for centric diatoms (Figure 6B). Both cell size- and group-based biomass (Figures 6C,D) increased throughout the acclimation period, having significant differences between the Present and the Future scenarios after 5 days of acclimation. Growth rates based either on size (Figure 6E) or groups (Figure 6F) decreased toward the end of the acclimation period (long acclimation). During the first half of the experiment (mid-acclimation) no differences were detected between Present and Future scenarios; however, at the end of the acclimation period, growth rates were significantly higher under the Future (Figures 6E,F) compared to the Present. There were significant interactions between scenarios and groups (Figure 6F and Table 4); for example, higher growth rates were recorded for centric diatoms in the Future than in the Present scenario (Figure 6F).
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FIGURE 6. Phytoplankton community structure: size (micro and nanoplankton) and groups (centric diatoms: Cent, pennate diatoms: Penn, and flagellates: Flags) in terms of cell abundance (A,B) and biomass (C,D), and growth rates (E,F) for the different stages of acclimation (no, mid- and long acclimation) to the Present (Pre) and Future (Fut) scenarios for samples collected in Playa Unión. Capital letters indicate the post-hoc results for the interaction acclimation × scenario (3-way ANOVAs). Lines on the top of the bars indicate standard deviation.



TABLE 4. p-values of the three-way ANOVAs for phytoplankton abundance (Figures 6A,B), biomass (Figures 6C,D), and growth rates (Figures 6E,F) based on cell sizes (i.e., nanoplankton, microplankton) or groups (i.e., centric diatoms, pennate diatoms or flagellates).
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Photosynthetic Rates

Chl a concentration increased during the long-term experiment at PU until the third day of experiment from an initial value of 2.79 and 2.57 μg L–1 in the Present and Future scenario, respectively, but decreased afterward in the Present, while it kept increasing in the Future, reaching a concentration of ca. 60 μg Chl a L–1 (Figure 7A). Carbon incorporation (Figure 7B) was similar on day 1 (no acclimation) in both scenarios, but was significantly higher in the Future scenario as compared to the Present at the end of the acclimation period (long acclimation). Moreover, carbon incorporation also significantly increased on this day from morning to afternoon (Figure 7B and Table 5).
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FIGURE 7. Chlorophyll a concentration (A) and carbon incorporation (B) during the long-term experiment performed with samples collected in Playa Unión (PU) and exposed to the Present and Future scenarios. Capital letters indicate the post-hoc results for the interaction acclimation × scenario, and the numbers indicate the post-hoc results for the interaction time × acclimation (2-way RM-ANOVA). Lines on the top of the bars indicate standard deviation.



TABLE 5. p-values of the two-way RM-ANOVAs for carbon incorporation (Figure 7B), net community production (NCP) (Figure 8A), electron transport rates (ETR) (Figure 8B), assimilation number (PmB) (Figure 8C), and ratio of ETR and PmB (Φe,C; Figure 8D).
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We found significant differences in the NCP for no-acclimated cells, with decreasing values toward noon and increasing again during the afternoon (Figure 8A and Table 5). In the no acclimation condition, respiration surpassed oxygen production only at noon (i.e., negative values) and also NCP was significantly lower in the Future than in the Present scenario (Figure 8A). Under long acclimation, NCP rates were much lower than at the beginning of the experiment, with no significant differences between scenarios, except for the Present in the afternoon, where NCP was significantly lower than in the Future (Figure 8A and Table 5). ETR values were similar in both scenarios in the no acclimation condition, but they were significantly higher in the Present than in the Future scenario at the end of the experiment (Figure 8B and Table 5). The highest ETR values were registered at the end of the experiment, during the afternoon measurements (Figure 8B). PmB showed a clear diurnal pattern of increasing values from morning to afternoon both at the beginning (no acclimation) and end (long acclimation) of the experiment in both scenarios (Figure 8C and Table 5). PmB values were higher in the no acclimated compared to the long acclimated cells, but only for the Present scenario (Figure 8C and Table 5). Finally, the electron requirement for carbon fixation Φe,C ratio was similar in both scenarios when cells were not acclimated (Figure 8D), but cells in the Present showed higher values compared to those in the Future scenario at the end of the experiment (Figure 8D and Table 5).
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FIGURE 8. (A) Net community productivity (NCP); (B) electron transport rates (ETR); (C) assimilation numbers (PmB), and (D) ratio of ETR and PmB (Φe,C) of samples collected in Playa Unión (PU) after being acclimated for 1 and 5 days under the Present (Pres) and Future (Fut) scenarios. M, N and A letters indicate morning, noon and afternoon, respectively. Lines on the top of the bars indicate standard deviation.




DISCUSSION

In this study, we aimed to enhance our knowledge about the effects of global change variables on phytoplankton growth and photosynthesis in three different sites of the Patagonian coast, by applying an experimental cluster (Future scenario). We especially focused on key components of the photosynthetic processes; the water splitting complex (by oxygen evolution measurements), PSII photochemistry (by PAM and FRRf measurements), and Calvin-Benson-Bassham cycle (by carbon incorporation measurement), in an attempt to determine the extents of their vulnerability to increased nutrient and lowered pH conditions. This is a novel approach, as most field studies have generally considered the effects of global change variables on single photosynthesis targets. Our previous studies have determined that Future scenarios had differential impacts on oxygen dynamics and PSII photochemistry (Villafañe et al., 2018; Vizzo et al., 2021), and that acclimation over time changed the rETR vs. NCP relation (Villafañe et al., 2018). We used the same photosynthetic parameters as in these previous studies to get a more realistic response to global change. We hope that our results, together with those obtained for the phytoplankton community structure (e.g., taxonomic changes, effects on different size fractions), will provide a better assessment of the secondary production in the Argentinean Sea. Consequently, we discuss our findings together with the potential mechanisms that could explain our observations, and consider some of the implications for this area, which is believed to sustain one of the highest productivities of the World’s oceans (Longhurst et al., 1995; Gregg and Rousseaux, 2019).


Future Conditions Stimulate Growth and Photosynthetic Activity, Especially in Estuarine Waters

The experimental sites in the South West Atlantic Ocean (SWAO) are normally exposed to intense winds (Gaiero et al., 2003; Gassó and Stein, 2007), and the water column over the continental shelf is generally well mixed (Neale et al., 2003). There is, however, a marked seasonal change, with intense winds in spring-summer and a relatively calm period during winter (Villafañe, 2004; Helbling et al., 2005; Bermejo et al., 2018). Previous reports for the area (Villafañe, 2004) indicate that phytoplankton blooms occur during winter (June–August), when wind speeds are low (Helbling et al., 2005; Fitch and Moore, 2007; Bermejo et al., 2018). Thus, our sampling period during October corresponded to post bloom (Villafañe, 2004). At PU, nutrient concentrations are relatively high during the whole year due to riverine input (i.e., from the Chubut river), which not only carries nutrients, but also particles and dissolved matter (Bermejo et al., 2018; Vizzo et al., 2021). It has been determined that the nutrient inputs due to riverine runoff are increasing over time (Bermejo et al., 2018) because of anthropogenic activity (i.e., farming, uses of land, fisheries by-products, etc.) and extreme rain events that are more frequent (Vizzo et al., 2021). On the other hand, PM and IE do not receive a constant input of nutrients, and their dynamics are more subjected to biological activity rather than anthropogenic input via a riverine runoff. Our results also highlight the different strategies of phytoplankton used for growth in the three sites for the effects of nutrient inputs. Fresh nutrient inputs seldom occur in PM and IE, while nutrients from riverine origin are received twice a day in PU (Helbling et al., 1992; Bermejo et al., 2018) due to the semi-diurnal tide regime (Piccolo and Perillo, 1999). It is known that, diatoms and larger cells are r-strategists, characterized by rapid growth under a nutrient-replete environment (Margalef, 1978; Thomsen et al., 1994; Litchman, 2007). On the other hand, dinoflagellates and most flagellates are expected to be K-strategists (Smayda and Reynolds, 2001; Litchman, 2007; Glibert, 2016), with slow growth and with higher nutrient affinity. It is recognized that the r-strategists allocate a large portion of resources to cell division, which is advantageous in a variable environment such as PU, whereas K-strategists would be favored in less variable environments such as PM and IE.

Cabrerizo et al. (2018) studied the impact of different nutrient sources (aeoline vs. riverine) on community structure, and determined that the combination of high solar UVR and nutrient addition decreased CO2 sink capacity of coastal ecosystems in the SWAO by 27%, by changing the phytoplankton community toward heterotrophic nanoflagellates. Our Future generally stimulated the increase of biomass and carbon incorporation in the three sites, in spite of the dominance of different phytoplankton groups (Figures 3, 4). Nevertheless, some differences were observed among the sites; for example in PM, where new nutrient inputs are limited due to little water exchange (Rivas and Beier, 1990), we observed an increase in the abundance of small flagellates (Figure 3A) and pennate diatom biomass (Figure 3C), with only small changes in the photosynthetic rates (Figure 5). A similar behavior was observed at IE, with only small changes between the Present and Future scenarios (Figures 3, 5). In PU, however, growth—especially that of large centric diatoms such as Thalassiosira spp. (Figure 3C), and carbon incorporation (Figure 4) were significantly stimulated by the Future scenario. The differential growth of the large taxonomic groups in our study agrees with those previous findings where different communities were exposed to lowered pH conditions. For example, a study that compiled the results of 69 experiments on ocean acidification (Bach and Taucher, 2019) determined that diatoms responded to high CO2 in ca. 60% of the experiments, and from this total, 56% indicated a positive response while 32% responded in a negative way. A recent study reported no major changes in the species composition of a dinoflagellate-dominated community under lowered pH in the Derwent River estuary, Australia (Nielsen et al., 2012). A similar study in the Godavari River Estuary (India) on the other hand reported that not only lowered pH but also nutrient supply play key role in shaping the community structure during microcosms experiments (Biswas et al., 2011). The growth rates at PU determined during the mid-acclimation (Figure 6E) were similar to those reported by Durán-Romero et al. (2017), while the growth rates for the long acclimation (Figure 6E) agrees with those reported by Villafañe et al. (2018); in this latter study the Future condition had higher rates than the Present, as observed in our study. The differential responses observed among these studies are most likely related to the acclimation period that not only change community structure but also condition the physiology of cells.

Villafañe et al. (2018) addressed the dual role of DOM carried by the Chubut river, and determined that the photosynthesis of cells exposed to solar radiation with an input of DOM inside the microcosms (i.e., physico-chemical role, attenuation of solar radiation and chemical exposure) were less efficient compared to cells that received an extra input of DOM outside the microcosms (i.e., physical role, attenuation of solar radiation). In our study, using the same global change variables, NCP values at PU were positive throughout the day, with significant diurnal increases of ETR from morning to noon and continuous increases in PmB throughout a day, unlike in the other sites (Figure 5). The estuarine area around PU had high primary productivity as it was highlighted both in our previous (Villafañe, 2004) and current study (Figure 4), and in a recent review about primary production in the SWAO (Lutz et al., 2018). Better fitness of phytoplankton observed in PU could also be due to the fact that here, compared to the other sites, phytoplankton were less stressed by the high-light conditions, also evidenced by the positive NCP values and the generally lower electron requirement for carbon fixation (Φe,C) during the day (Tables 1, 3 and Figures 5A–C). On the other hand, no significant effect on the biomass was observed, when pCO2 was manipulated, but competition among species and its growth phase lead succession in phytoplankton species composition and abundance (Osma et al., 2020). Better diatom fitness in growth under lowered pH at the PU site may also be due to their adaptation to a larger carbonate chemistry variability related to carbon concentration mechanisms (CCMs) (Burkhardt et al., 2001; Reinfelder, 2011), which often occurs in estuarine environments (Duarte et al., 2013). Although increasing temperatures stimulate gene expression and RuBisCO activity in diatoms (Helbling et al., 2011), free ocean CO2 is a limiting factor for RuBisCO, the primary enzyme of carbon fixation (Beardall and Raven, 2004). To overcome this constraint, many phytoplankton species have developed an intracellular mechanisms that converts bicarbonate ions (HCO3–) to CO2, supporting higher carbon fixation rates than what would be possible if photosynthesis only relied on diffusive CO2 uptake (Giordano et al., 2005). Since the efficiency and regulation of CCMs differ among the species (Burkhardt et al., 2001; Trimborn et al., 2008), the proportion of direct CO2 uptake and HCO3– uptake also varies among the phytoplankton species (Matsuda and Kroth, 2014). Increased CO2 may benefit those phytoplankton species that rely on CO2 uptake, as well as CCM efficient species that can downregulate CCM (Rost et al., 2008; Eggers et al., 2014; Taucher et al., 2015). The downregulation of CCM under elevated CO2 has been observed for two diatom species (Thalassiosira weissflogii and Dactyliosolen fragilissimus) under nutrient limited condition (Taucher et al., 2015).



Influence of Acclimation Period on the Synergistic Interaction of CO2 and Nutrient Enrichment

Earlier studies suggested a controversial synergistic interaction among increased CO2 and nutrient concentrations. For example, beneficial effects of high CO2 on phytoplankton (Domingues et al., 2016) including cyanobacteria (Hutchins et al., 2007; Fu et al., 2008), diatoms (Sun et al., 2011; Tatters et al., 2012) and dinoflagellates (Fu et al., 2010) were reported under nutrient-replete conditions, whereas Hama et al. (2016) reported significant effect of acidification during post-blooming period, when ambient nutrient concentrations are negligible. In our study, the positive interaction of lowered pH and increased nutrients was observed after 2 days of acclimation during the short-term experiment (Figures 3, 5). The positive synergistic effect of the Future treatment on abundance, biomass, Chl concentrations and carbon incorporation was observed also after 4 days of acclimation during the long-term experiment (Figures 6, 7). On the other hand, the lower growth rates after 3 days in both treatments (Figure 6E) suggest that the cells were stressed due to a gradual exhaustion of nutrients and/or inorganic carbon at the end of the long-term experiment. Stress was more pronounced in the Present treatment of this long-term experiment, and was also manifested as Chl a decline and a stagnant C incorporation between the days 1 and 5 (Figure 7). Stress in the later phase of the long-term experiment caused the loss of NCP diurnal dynamics (Figure 8A), the uncoupling between the photosynthetic membrane electron transport (ETR, Figure 8B), and a declining C-fixation (PBm, Figure 8C). This uncoupling was more pronounced under the Present conditions, resulting in the increase of Φe,C values (Figure 8D). The most probable reason behind this decline in the Present scenario was nutrient limitation, as after only 2 days the amount of nitrate decreased from its initial value of 7.89 μM to 0.05 μM (Table 1).

We noted differences in the dominance of the phytoplankton groups, but also in the growth and other photosynthetic parameters measured between the short- and long-term experiments (cf. Figures 3–5 with Figures 6–8). These differences between the experiments carried out in the same site (PU) highlight the role of nutrients and/or light intensity in the observed responses, as seen in the higher nitrate availability at the beginning of the long-term and compared with the short-term experiment (Table 1). These results suggest that the effect of acidification might be much more pronounced when ambient nutrient concentrations are negligible, as it was observed by Hama et al. (2016), or could be because of downregulation of CCMs.

The high initial nitrate concentrations in PU are due to an active exchange between the river and the sea, which are the characteristics of estuarine waters (Helbling et al., 1992; Bermejo et al., 2018), which include anthropogenic nutrient loading (Kennish, 1992; Paerl et al., 2006). As reported by Bermejo et al. (2018), the main nutrient source in PU is the riverine water, which is influenced by rainfall (Vizzo et al., 2021) and possibly also from the fish processing factories (Arvanitoyannis and Kassaveti, 2008). Since anthropogenic nutrient loading impacts marine ecosystems and decreases biodiversity, it eventually decreases also its ecosystem services (Halpern et al., 2008; Vörösmarty et al., 2010; Barbier et al., 2011). Periodical evaluation, especially of nutrient concentrations as well as plankton community composition, is vital to maintain biodiversity and ecosystem services of the studied area.



The Energy Transfer Efficiency Under Lowered pH and Nutrient Enrichment

The electron requirement for carbon fixation, Φe,C, calculated as ETR (PmB)–1 was in general higher (i.e., less efficient) in the Present as compared to the Future scenario, especially at noon, suggesting a better performance in the later scenario, with more carbon fixed per mole of electron transferred via PSII. This was more relevant at noon maybe because of the high light stress at this period of the day, widely reported along a long latitudinal range e.g., from tropical to polar environments (Rivkin and Putt, 1988; Levy et al., 2004; Aikawa et al., 2009). As a result of high light stress, the diurnal hysteresis—asymmetric response of photosynthetic entities to the similar irradiance levels in the morning vs. afternoon—was observed as many earlier studies (Villafañe et al., 2013; Helbling et al., 2015a). The Φe,C values were in all cases higher (ca. 6–12 mole e– (mol C) –1) after 2 days acclimation (Figure 5D) than the theoretical values of 4–6 mol e– (mol C) –1 (Genty et al., 1989; Lawrenz et al., 2013). This slight inefficiency suggests an extra use of electrons by other processes such as photorespiration (Badger et al., 2000), or alternative electron transport (Wagner et al., 2006; Suggett et al., 2009; Waring et al., 2010; Thamatrakoln et al., 2013). Energy transfer efficiency in our phytoplankton communities (Figures 5D, 8D) were within the range of earlier field and laboratory studies, namely from 1.2 to 54.3 mol e– (mol C) –1, with a mean value of ca. 10 mol e– (mol C) –1 (Suggett et al., 2009; Lawrenz et al., 2013). While the detailed mechanisms driving the variations of Φe,C are not well understood, we conclude that the less energy required by carbon concentrating mechanisms operating under higher nutrient availability coupled with acidification conditions, will result in a more efficient reductant energy flow from the primary photosynthetic processes to the biochemical carbon fixation. Since the variability of Φe,C occurs also on taxonomic level (Hughes et al., 2018), the combination of microscopic identification and molecular techniques, such as next generation sequencing, together with physiological investigation using freshly isolated monoclonal cultures from the ecosystems will help to understand the role of key players in energy transfer in various ecosystems.



Implications for Primary Production in the Future Patagonia

Our study clearly showed the different growth strategies of phytoplankton communities under increased nutrient availability and lowered pH in three different sampling sites of the Patagonian coastal waters (Argentina). The largest growth stimulation in the estuarine site indicate that future global change conditions will significantly influence environments with high fluctuations and gradients in their abiotic variables (Cloern, 2001). Our results also demonstrate the importance of carbon-nutrient history of the phytoplankton community, namely that planktons in PU under frequent nutrient availability have advantage using enriched nutrient for cell growth. Finally, since we observed an important growth of the large diatoms that are in general tightly connected to larger zooplankton (Landry, 1977), we believe that future global conditions may also change the trophodynamics of certain areas by favoring large-sized species.
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Date of measurement in October 2017 17th 18th 19th 16th 20th
9-10 h PAR (uwmol photons m=2 s~ 1) 457 617 777 759 786

PAR for FRRf (jumol photons m=2 s~1) 508 419 553 765 638
12-13h PAR (umol photons m=2 s~ 1) 1,421 1,480 1,120 1,458 1,504

PAR for FRRf (umol photons m=2 s~1) 1,630 1,131 929 1,476 1,169
15-16h PAR (uwmol photons m=2 s~ 1) 969 1,133 731 1,074 443

PAR for FRRf (umol photons m=2 s~ 7) 1,207 929 464 1,207 1,131

No acc, Long acc denote samples with no acclimation or long acclimation of 4 days, respectively.
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Sites represent PM, PU, and IE; Scenarios represent Present and Future, and
Period represents those parts of the day when measurements were conducted

(i.e., morning, noon, afternoon).
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to the duration (no, mid- and long-acclimation).
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