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Responses of a Natural Phytoplankton Community From the Drake Passage to Two Predicted Climate Change Scenarios
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Contrasting models predict two different climate change scenarios for the Southern Ocean (SO), forecasting either less or stronger vertical mixing of the water column. To investigate the responses of SO phytoplankton to these future conditions, we sampled a natural diatom dominated (63%) community from today’s relatively moderately mixed Drake Passage waters with both low availabilities of iron (Fe) and light. The phytoplankton community was then incubated at these ambient open ocean conditions (low Fe and low light, moderate mixing treatment), representing a control treatment. In addition, the phytoplankton was grown under two future mixing scenarios based on current climate model predictions. Mixing was simulated by changes in light and Fe availabilities. The two future scenarios consisted of a low mixing scenario (low Fe and higher light) and a strong mixing scenario (high Fe and low light). In addition, communities of each mixing scenario were exposed to ambient and low pH, the latter simulating ocean acidification (OA). The effects of the scenarios on particulate organic carbon (POC) production, trace metal to carbon ratios, photophysiology and the relative numerical contribution of diatoms and nanoflagellates were assessed. During the first growth phase, at ambient pH both future mixing scenarios promoted the numerical abundance of diatoms (∼75%) relative to nanoflagellates. This positive effect, however, vanished in response to OA in the communities of both future mixing scenarios (∼65%), with different effects for their productivity. At the end of the experiment, diatoms remained numerically the most abundant phytoplankton group across all treatments (∼80%). In addition, POC production was increased in the two future mixing scenarios under OA. Overall, this study suggests a continued numerical dominance of diatoms as well as higher carbon fixation in response to both future mixing scenarios under OA, irrespective of different changes in light and Fe availability.
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INTRODUCTION

The Southern Ocean (SO), south of the Antarctic Polar Front (at 50°S), contributes for 10% of the global surface ocean area and acts as a disproportionally high carbon sink, accounting for about 20% of the oceanic uptake of anthropogenic CO2, due to both the solubility pump and the biological pump (Takahashi et al., 2002; Sabine et al., 2004; Arrigo et al., 2008). Through the formation of deep water, the SO plays a key role in the transport of carbon, nutrients and heat into the deeper waters of the global ocean (Mikaloff Fletcher et al., 2006; Khatiwala et al., 2009; Frölicher et al., 2015). Despite high concentrations of macronutrients like nitrate, phosphate and silicate, primary production in many parts of the SO is low, a phenomenon driven by the low availability of trace metals, especially iron (Fe; Martin, 1990; de Baar et al., 1995; Smetacek et al., 2012). Next to Fe availability, irradiance is another important factor shaping SO phytoplankton community structure (Carvalho et al., 2017). The depth of the surface mixed layer (MLD) varies during the course of the year and determines the amount of solar radiation that is available for photosynthesis by phytoplankton cells (Behrenfeld and Boss, 2014; Smith and Jones, 2015). Sverdrup (1953) proposed the critical depth model, which states that phytoplankton blooms can only develop in mixed layers that are shallower than the depth, at which respiration and photosynthesis balance each other, termed the critical depth. In the SO, strong westerly winds over the Antarctic Circumpolar Current (ACC) strongly influence the MLD (Meijers, 2014).

Due to changes in the global climate system caused by ongoing anthropogenic emissions of greenhouse gases, wind patterns and melting rates of sea ice and the Antarctic ice shields are predicted to be altered and based on these assumptions two different climate scenarios for the SO are projected for the end of this century (Boyd and Law, 2011; Meijers, 2014; Deppeler and Davidson, 2017). One climate scenario predicts an increase in sea surface temperature, resulting in a more stratified water column and a reduced MLD. This will lead to an increase in the mean solar radiation available to phytoplankton cells, while simultaneously decreasing the nutrient supply (including Fe) from deeper water layers (Lovenduski and Gruber, 2005; Petrou et al., 2016). The second climate scenario predicts a poleward shift and strengthening of the westerly winds, which will deepen the MLD and thus counteract the stratification caused by warming (Meijers, 2014; Hauck et al., 2015; Panassa et al., 2018). A deeper MLD would reduce the mean solar irradiance level that phytoplankton will be exposed to, but increase nutrient input, including Fe, from deeper nutrient-rich waters (Laufkötter et al., 2015; Deppeler and Davidson, 2017).

At the same time, the scenarios will be accompanied by ocean acidification (OA) as atmospheric CO2 concentrations are projected to rise from present day values of ∼410 to up to ∼1300 μatm by 2100, leading to a decrease of surface ocean seawater pH of up to 0.32 (RCP 8.5; IPCC, 2014). The increased dissolution of CO2 in the surface ocean will alter the carbonate chemistry of the seawater and lead to a decrease in pH due to an increase of hydrogen ions (Wolf-Gladrow et al., 1999). The polar regions will be particularly affected by global change due to a higher degree of acidification of cold waters and above average warming (Bopp et al., 2001; Sarmiento et al., 2004). Studies suggest that OA may affect the bioavailability of Fe (Millero et al., 2009). Most of the dissolved Fe is bound to organic ligands such as humic substances, exopolymeric substances, and siderophores with different effects on Fe bioavailability (Hutchins et al., 1999; Laglera and Van Den Berg, 2009; Hassler et al., 2011). The reduced pH due to OA could alter the affinity of these ligands for binding Fe(III), making it less bioavailable for phytoplankton (Shi et al., 2010).

So far, several studies have been conducted to investigate the effects of changes in Fe availability in combination with OA (Shi et al., 2010; Hoppe et al., 2013; Trimborn et al., 2017b; Koch et al., 2018; McQuaid et al., 2018) or with different irradiance levels (Van Leeuwe and Stefels, 1998, 2007; Timmermans et al., 2001; Hoffmann et al., 2008; Petrou et al., 2011; Alderkamp et al., 2012; Trimborn et al., 2019), but only few studies have examined all factors together (Feng et al., 2010, 2020; Xu et al., 2014; Boyd et al., 2016; Andrew et al., 2019). Laboratory experiments investigating the responses of single species to multiple stressors may unravel their physiological strategies and previous studies have suggested that Fe availability might not always be the dominant driver (Feng et al., 2010; Xu et al., 2014). Xu et al. (2014) reported species-specific responses in growth and POC production of Phaeocystis antarctica and Fragilariopsis cylindrus in response to the interactive effects of OA, light, temperature and Fe availability. In their study, the diatom F. cylindrus benefited from projected future conditions and outcompeted the prymnesiophyte P. antarctica under increased irradiance levels, warming and OA regardless of Fe additions. However, a multiple stressor experiment including warming, light and Fe showed an increased thermal tolerance of various SO phytoplankton species (Chaetoceros flexuosus, Proboscia inermis, Thalassiosira antarctrica, and P. antarctica) under Fe-enriched conditions (Andrew et al., 2019). In another study, the exposure of the coccolithophore Emiliania huxleyi to a future scenario consisting of an enhanced irradiance level, reduced nutrient supply and elevated temperature in combination with OA, resulted in strong negative synergistic effects on genes regulating carbon acquisition and calcification (Feng et al., 2020).

Experiments with natural phytoplankton communities can provide environmentally relevant information on floristic shifts and potential changes of the carbon export potential of the community (Arrigo et al., 1999; Boyd et al., 2010). OA perturbation experiments with natural SO phytoplankton assemblages, investigating three or more environmental factors simultaneously are, however, still rare (Boyd et al., 2018; Seifert et al., 2020). When a natural phytoplankton community from the Ross Sea was exposed to high light levels and OA together, the diatom community shifted from the large, centric Chaetoceros species toward the smaller pennate Cylindrotheca species both under Fe-poor and Fe-enriched conditions (Feng et al., 2010). Since the SO (south of 50°S) accounts for 20% of the global annual primary production (Takahashi et al., 2002), subtle changes in SO community composition can alter carbon export fluxes with major implications for the global carbon cycle (Basu and Mackey, 2018).

In this study, we sampled a natural phytoplankton community from today’s relative moderately mixed Drake Passage waters with both low Fe and low light availabilities. The phytoplankton community was then incubated at these ambient conditions (low Fe and low light) as well as at conditions predicted to occur by current climate model predictions. Mixing was simulated by changes in light and Fe availabilities. The two future scenarios consisted of a low mixing scenario representing increased stratification with higher light levels and reduced Fe input and a strong mixing scenario mimicking increased mixing with reduced light availability under Fe-enriched conditions (Figure 1). In addition, all incubations were exposed to ambient and lowered pH to assess the potential impact of OA.
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FIGURE 1. Overview of the experimental setup. The moderate mixing treatment at ambient pH represents current open ocean conditions (both low Fe and low light conditions) and thus serves as a control treatment. In addition, the phytoplankton was grown under two predicted future mixing scenarios (low and strong mixing) combined with ambient pH or ocean acidification (OA).




MATERIALS AND METHODS


Experimental Setup

A shipboard bottle incubation experiment was performed with a natural phytoplankton community sampled on 2 March 2016 in the Drake Passage south of the Polar Front (60° 24.758′ S 66° 21.682′ W, BIO 1 station) during the RV Polarstern cruise PS97. Additional experiments were conducted at this sampling site to test how Fe associated with different organic ligands influenced Fe uptake rates and trace metal chemistry (Cabanes et al., 2020) as well as phytoplankton, microbial and viral abundances (Blanco-Ameijeiras et al., 2020). Furthermore, it was tested whether in addition to Fe, SO phytoplankton growth may also be limited by manganese availability (Balaguer et al., 2022).

A Teflon membrane pump was used to collect Antarctic seawater from 20 m depth, filtered through an acid-cleaned 200 μm mesh to exclude mesozooplankton and to fill 4 L polycarbonate (PC; Nalgene, Thermo Fisher Scientific, Waltham, MA, United States) bottles. All labware including the incubation bottles were cleaned prior to the cruise using standard trace metal (TM) clean techniques according to the Geotraces cookbook (Cutter et al., 2017). All TM work was conducted inside a TM clean container under a clean bench (US class 100) to avoid contamination. Since the water was collected in a high nutrient low chlorophyll region, Fe concentrations were low [dissolved Fe (dFe) = 0.03 nmol Fe L–1] and the low photosynthetic yield (Fv/Fm = 0.16 ± 0.03) of the plankton community was also indicative of low, Fe-limiting conditions. Samples for the biological and chemical characterization of the initial natural phytoplankton community were taken during seawater collection.

For the incubation experiment, Fe availability, light intensity and pH were manipulated to mimic today’s open ocean conditions and two potential SO future climate change scenarios (Figure 1). Using light-emitting diodes (LED) daylight lamps (SolarStinger LED Sun Strip Marine Daylight, Econlux, Cologne, Germany) light intensity were set to 30 μmol photons m–2 s–1 (hereafter referred to as low light) and to 80 μmol photons m–2 s–1 (hereafter referred to as high light). Based on previously published light attenuation coefficients for this region (Bracher and Tilzer, 2001), 30 μmol photons m–2 s–1 mimicked median light conditions experienced by the phytoplankton community at our sampling depth (20 m). In order to test the increased light availability modeled to coincide with future climatic conditions, we exposed the community to 80 μmol photons m–2 s–1, representing a realistic shallowing of the mixed layer. This range of light intensities was also used in previous studies (Timmermans et al., 2005; Passow and Laws, 2015; Coad et al., 2016; Trimborn et al., 2017a).

In addition to this, two pH levels were created by continuously gentle bubbling humidified air with pCO2 into the bottles using a gas flow controller (CGM 2000; MCZ Umwelttechnik, Bad Nauheim, Germany), using pure CO2 (Air Liquide Germany, Düsseldorf, Germany) mixed with CO2-free air (< 1 ppmv CO2; Dominick Hunter, Parker Hannifin, Cleveland, OH, United States). A non-dispersive infrared analyzer system (LI6252; LI-COR Biosciences, Lincoln, NE, United States) calibrated with CO2-free air and purchased gas mixtures of 150 ± 10 and 1,000 ± 20 ppmv CO2 (Air Liquide Germany) was used to calibrate and monitor the CO2 concentrations. The continuous bubbling with 400 and 1,000 ppmv CO2 resulted in pHNBS levels of 8.18 ± 0.04 (hereafter referred to as ambient pH) and of 7.83 ± 0.02 (hereafter referred to as OA), respectively (Table 1). In addition to the changes in light and pH, the phytoplankton community was grown either under the in situ Fe concentration of the natural seawater (hereafter referred to as low Fe) or enriched with 0.9 nmol L–1 FeCl3 (hereafter referred to as high Fe). Fe was added as FeCl3 (AAS standard, TraceCERT, Fluka, Honeywell International Inc., Charlotte, NC, United States) without the chelating agent ethylenediaminetetraacetic acid (EDTA). At the sampling location, the Fe binding ligands present in-situ were high enough (1.67 ± 0.03 nM) to fully chelate the added Fe, preventing the formation of Fe oxides (Cabanes et al., 2020).


TABLE 1. Seawater pHNBS, total alkalinity (TA) and concentrations of the macronutrients nitrate, phosphate and silicate as well as relative proportions of diatoms and nanoflagellates (via microscope counts) of a natural Antarctic phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light) and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA).

[image: Table 1]
The “moderate mixing treatment” represents a control treatment, which mimics natural open ocean conditions, with the phytoplankton community grown at low light (30 μmol photons m–2 s–1) and low Fe availability (0.03 nmol L–1; Figure 1). The “low mixing scenario” consisted of high light (80 μmol photons m–2 s–1) and low Fe (0.03 nmol L–1) conditions while the “strong mixing scenario” exposed the phytoplankton community to low light (30 μmol photons m–2 s–1) and high Fe conditions (0.9 nmol L–1). All treatments were cultured at ambient pH or OA conditions and grown in triplicate bottles at 1°C. Mimicking the ambient light cycle at the season of sampling, treatments were exposed to a 16:8 h light:dark cycle. Since concentrations of macronutrients were high (23.97, 1.50 and 16.60 μmol L–1 for nitrate, phosphate, and silicic acid, respectively), no further macronutrients were added to the experimental bottles. Throughout the experiment, silicate and nitrate concentrations were monitored on board, ensuring that the communities did not run into macronutrient limitation (Figure 2 and Table 1). In order to maximize the effects of the different treatments, the experiment consisted of two growth phases. The first growth phase lasted 12 days for the low mixing treatment and 13 days for the moderate and strong mixing treatments, respectively. To start the second growth phase, a 200 mL aliquot from each bottle was then used to re-inoculate a fresh 4 L bottle, which was filled with the initially collected and 0.2 μm filtered seawater. These bottles were then grown under the same conditions as in the first growth phase for another 10 (low mixing ambient pH) or 11 days (low mixing OA) and 13 (moderate mixing ambient pH and strong mixing ambient pH) or 15 days (moderate mixing OA and strong mixing OA). Hereafter, the two growth phases prior and after the dilution will be referred to as first and second growth phase, respectively. At the end of each growth phase, the various parameters described below were collected from each bottle.
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FIGURE 2. Development of nitrate (NO3–, μmol L–1) and silicate concentrations (SiO2, μmol L–1) during the incubation time of the experiment. Values are shown for the scenarios: moderate mixing (low Fe and low light; A,D), low mixing (low Fe and high light; B,E), and strong mixing (high Fe and low light; C,F) with open and solid circles representing treatments grown at ambient pH or OA, respectively. Gray arrows indicate the time of dilution with filtered seawater. The growth phase of the experiment is divided into before and after the dilution and denoted as first (1st growth phase) and second (2nd growth phase), respectively. Values represent the means ± SD (n = 3).




Seawater Chemistry

In order to analyze the seawater carbonate chemistry, samples for pH and total alkalinity (TA) were collected from all replicates at the start of the experiment as well as at the end of both growth phases (Table 1). Seawater pH was measured on the NBS scale with a pH-meter (827 pH mobile with Aquatrode plus Pt1000 electrode, Metrohm, Herisau, Switzerland) calibrated with a three-point calibration (buffers certified by National Institute of Standards and Technology). TA samples were taken from the filtrate of the pigment filtration (Whatman GF/F filter, 0.6 mm, Cytiva, Marlborough, MA, United States), fixed with 0.03% HgCl2, and stored at 4°C in 100 mL borosilicate flasks. TA samples were analyzed using duplicate potentiometric titration (Brewer et al., 1986) on a TitroLine alpha plus (SI Analytics, Weilheim, Germany) and calculated from linear Gran Plots (Gran, 1952). The instrument was calibrated with certified reference material (CRM provided by A. Dickson, Scripps Institute of Oceanography). Nitrate and silicate concentrations were measured colorimetrically on board during the incubation with a Technicon TRAACS 800 autoanalyser (SEAL Analytical, Mequon, WI, United States) according to the improved method after Grasshoff et al. (1999). Samples for the initial and final macronutrient concentrations for each growth phase were filtered through a 0.2 μm filter and stored in a falcon tube at −20°C. Macronutrient concentrations were determined with a QuAAtro autoanalyser (Seal Analytical) back in the laboratory using standard colorimetric techniques.



Particulate Trace Metals

Samples for particulate TM (Fe, Co, Cu, Mn, Zn) were collected onto 0.2 mm TM clean PC filters (Millipore, Merck, Darmstadt, Germany) at the beginning and end of each growth phase. To remove trace metals bound to the outside of the phytoplankton cells, the filters were rinsed for 15 min with a 0.1 M oxalic acid wash surface (Hassler and Schoemann, 2009). The filters were then rinsed with filtered seawater and placed into TM-cleaned 25 mL polyfluor alkoxy (PFA) vials. Before sample measurement, the samples were digested for 16 h at 180°C with a mixture of 5 mL sub-boiled HNO3 (distilled 65% HNO3, pro analysis, Merck) and 0.5 mL of sub-boiled HF (40%, suprapure, Merck; Ho et al., 2003; Twining and Baines, 2013). In a second step, 0.5 mL Milli-Q was added before the cell extract solution was concentrated at 140°C via evaporation with a hot plate. The evaporate was neutralized by introducing the gas to a Ca(OH)2/NaOH solution. The solution was transferred into 10 mL TM cleaned polypropylene vials after adding 0.2 ml of sub-boiled HNO3. After adding 10 μL of rhodium (1 mg L–1) as an internal standard and bringing the volume up to 10 mL with Milli-Q, samples were measured with a high resolution inductively coupled plasma mass spectrometer (ICP-MS, Attom, Nu Instruments, Wrexham, United Kingdom). Together with the phytoplankton sample, acid blanks, two filter blanks as well as a plankton reference material (BCR-414, Sigma-Aldrich, St. Louis, MO, United States) were processed and analyzed to assure the digestion quality (Supplementary Table 1). Unfortunately, the particulate TM of the initial community could not be analyzed due to a technical problem during the ICP-MS measurement of the filters. Intracellular TM contents were normalized to particulate organic carbon (POC).



Particulate Organic Carbon and Nitrogen Content

POC and particulate organic nitrogen (PON) samples were taken by filtering 200 mL of each replicate bottle onto pre-combusted (500°C, 15 h) 25-mm GF/F filters (Whatman). Next to the samples, for each bottle one filter blank was taken as a blank sample and all filters were stored at −20°C in pre-combusted glass petri dishes. Prior the analysis, samples were first dried at 50°C for > 12 h, then acidified with 200 μL of 0.2 M HCl followed by analysis on an automated carbon nitrogen elemental analyzer (Euro EA – CN Elemental Analyzer, HEKAtech GmbH, Wegberg, Germany). Values for POC and PON content were then normalized to filtered volume. Taking into account the incubation time of each experimental bottle (Δt in days), net POC production rates were calculated using the equation (Eq. 1):
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where Pt1 and Pt2 denotes the POC concentration on the respective sampling days t1 and t2. In addition, molar ratios of carbon to nitrogen (C:N) were calculated.



Chlorophyll a Fluorescence

Chlorophyll a (Chl a) fluorescence was monitored for each replicate during the course of the experiment (every 1–4 days) at 1°C using a Fast Repetition Rate fluorometer (FRRf, FastOcean PTX sensor, Chelsea Technologies Group (CTG) Ltd, West Molesey, United Kingdom) connected with a FastAct Laboratory system (CTG Ltd). The excitation wavelength of the fluorometer’s LEDs were set to 450, 530, and 624 nm and the light intensity was automatically adjusted. A light sensor (ULM-500 Universal Light Meter equipped with a Spherical Micro Quantum Sensor US-SQS, Walz GmbH, Effeltrich, Germany) was used to measure the actual light intensity (E, μmol photons m–2 s–1) emitted from the FastAct Laboratory system. The single turnover mode was set with a saturation phase consisting of 100 flashlets on a 2 μs pitch followed by a relaxing phase of 40 flashlets on a 50 μs pitch. Prior the measurements, all samples were dark-acclimated for 1 h to allow full oxidation of all photosystem II (PSII) reaction centers. After dark acclimation, the minimum (F0) and maximum (Fm) Chl a fluorescence of PSII was measured 6 times, using the FastPro8 Software (Version 1.0.55, Kevin Oxborough, CTG Ltd.), to calculate the maximum quantum yield of photochemistry in PSII (Fv/Fm, rel. unit) with the equation (Eq. 2):
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Based on Oxborough et al. (2012), functional absorption cross section of PSII (σPSII, nm2 PSII–1), the time constant for electron transport at the acceptor side of PSII (τQa, μs) and the connectivity factor (P, dimensionless) were derived from the single turnover measurements of the dark-acclimated community. Electron transport rate (ETR)-irradiance curves were performed using 9 irradiances ranging from 0 to 777 μmol photons m–2 s–1 with a 5 min acclimation to each light level. At each light level Chl a fluorescence was determined 6 times for each sample. The absolute electron transport rates (ETR, e– PSII–1 s–1) were calculated from these measurements based on the formula (Suggett et al., 2004, 2009; Huot and Babin, 2010; Schuback et al., 2015):

[image: image]

where [image: image] denotes the effective PSII quantum yield under ambient light and E is the irradiance level (photons m–2 s–1). From the fitted ETR-irradiance curve, maximum ETR (ETRmax, e– PSII–1 s–1), maximum light utilization efficiency (α, rel. unit) and minimum saturation irradiance (Ik, μmol photons m–2 s–1) were calculated according to Ralph and Gademann (2005) from the fitted irradiance-dependent ETR using the SigmaPlot 13.0 software (Systat Software Inc., San Jose, CA, United States).



Pigments

For the analysis of the photosynthetic pigments, samples were filtered onto 25-mm glass fiber filters (GF/F, Whatman), which were then flash frozen in liquid nitrogen and stored at −80°C. Concentrations of the pigments Chl a, chlorophyll c1+2 (Chl c1+2), fucoxanthin, diadinoxanthin, diatoxanthin and β-carotene were determined by High Performance Liquid Chromatography (HPLC). For this purpose, pigments were extracted from the GF/F filter using 1.5 mL of > 99.9% acetone (HPLC grade; Merck). As an internal standard, 50 μm of the synthetic pigment canthaxanthin (≥ 95.0% HPLC grade, Sigma Aldrich) was added. For homogenization, a Precellys24 tissue homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France) with 5,500 revolutions per minute (rpm) for 20 s was used after adding 0.5 mm silica beads (BioSpec Products, Bartlesville, OK, United States). Subsequently, samples were centrifuged (Centrifuge 5430R, Eppendorf, Hamburg, Germany) for 5 min at 0°C with 15,000 × g. The supernatant was filtered through 0.2 μm polytetrafluoroethylene (PTFE) filters (Labsolute, Th. Geyer GmbH, Renningen, Germany) and stored in Eppendorf tubes by −80°C until measurement. Pigment composition was analyzed using a HPLC system consisting of a Waters 600 controller (Waters Corporation, Milford, MA, United States) combined with a refrigerated auto sampler (Waters 717 plus), a photodiode array detector (Waters 2996), a fluorescence detector (Waters 2475) and the EMPOWER software (Waters) for identification and quantification of the pigments. Prior each measurement, 170 μL of the sample extract was mixed with 1 M ammonium acetate solution (1:1, v/v). Reverse-phase HPLC was conducted using a VARIAN Microsorb-MV 3 C8 column (4.6 × 100 mm, Agilent Technologies, Inc., Santa Clara, CA, United States) and HPLC-grade solvents (Merck). Solvent A and B consisted of a mix of 70% methanol and 30% 1 M ammonium acetate and 100% methanol, respectively. Pigments were identified through comparison of their retention time to those of the standards. Based on peak areas of external standards, the pigment concentrations were quantified. Using the internal standard canthaxanthin, the pigment concentrations were normalized to the extraction volume. Based on the concentration of the single pigments, the ratio of light harvesting pigments (LH) to light protecting pigments (LP) was calculated by dividing the sum of the content of Chl a, Chl c1+2 and fucoxanthin by the sum of the content of diadinoxanthin (DD) and diatoxanthin (DT) (Supplementary Table 2).



Phytoplankton Community Characterization

Aliquots of 100 ml unfiltered seawater were taken at the start of the experiment and at the end of both growth phases from each incubation bottle. Samples were preserved with acid Lugol’s solution (1% final concentration) and stored in brown glass bottles at 2°C in the dark until enumeration. Subsamples were transferred into Utermöhl cylinders (Hydro-Bios GmbH, Altenholz, Germany) and cells were allowed to settle for at least 24 h before counting. The settling volume ranged from 50 ml for the low cell density samples from the initial community to 10 ml for samples from the experimental bottles. The taxonomic composition of the natural phytoplankton community was determined using an inverted microscope (Axio Observer D1, Carl Zeiss AG, Oberkochen, Germany). Cells were counted according to the method of Utermöhl (1958): half of the chamber for the initial community and in stripes for the experimental bottles. We chose to count cells of the two phytoplankton groups diatoms (4–60 μm) and nanoflagellates (2–8 μm), representing the majority of the phytoplankton cells present in all samples. Too small and unidentifiable cells represented < 10% of the total phytoplankton community and were therefore not considered in the counting.



Statistics

The treatment moderate mixing under ambient pH was used as control for the statistical analysis. Kolmogorov-Smirnov tests and Brown-Forsythe tests were applied to test for normal distribution and equal variances of the data, respectively. Two Way Analyses of Variance (ANOVA) with subsequent Dunnett’s multiple comparison tests as post hoc tests were performed for each growth phase to test for significant differences between the treatments and a pairwise comparison of the two future mixing scenarios with the moderate mixing treatment under ambient pH, respectively. The statistical analysis was performed using the program GraphPad Prism (Version 5.00 for Windows, GraphPad Software, San Diego, CA, United States) and all graphs were created with SigmaPlot 13.0 (Systat Software, Inc.). The significance testing was done at the p < 0.05 level.




RESULTS


Seawater Chemistry

The initial community had a seawater pHNBS of 8.07 and a total alkalinity of 2,441 μmol kg–1 (Table 1). At the end of first growth phase, the average (mean ± standard deviation) pHNBS value of all ambient pH treatments was 8.17 ± 0.03. Under OA, average pHNBS values were significantly reduced to 7.80 ± 0.01. At the end of the second growth phase, the pHNBS values in the ambient pH treatments were 8.10 ± 0.02, while in the OA, pHNBS was significantly lower (7.77 ± 0.01). The initial concentrations of nitrate (NO3–), phosphate (PO4–3) and silicate (SiO2) in the seawater were 23.97, 1.50 and 16.60 μmol L–1, respectively (Table 1). During the experiment, the concentration never decreased below 16.90 ± 0.68 μmol NO3– L–1, 0.91 ± 0.06 μmol PO4–3 L–1, and 6.14 ± 0.83 μmol SiO2 L–1 (n = 3, respectively; Figure 2), ruling out that the communities experienced macronutrient limitation.



Intracellular Trace Metals

At the end of the first growth phase, Fe:C ratios in the incubations ranged from 3.93 ± 0.68 to 29.51 ± 11.04 μmol mol –1 (Figure 3A). At ambient pH, there was no significant difference of the Fe:C ratio between the Fe-deplete low mixing scenario (17.92 ± 3.29 μmol mol –1) and the moderate mixing treatment under ambient pH (3.93 ± 0.68 μmol mol –1). The Fe addition in the strong mixing scenario, however, resulted in a significantly (p < 0.05) higher Fe:C ratio (22.96 ± 5.91 μmol mol–1) relative to the moderate mixing treatment under ambient pH. Under OA, the low mixing scenario (29.51 ± 11.04 μmol mol–1) had a significantly (p < 0.01) higher Fe:C ratio compared to the moderate mixing treatment under ambient pH (3.93 ± 0.68 μmol mol–1), whereas the strong mixing scenario (18.59 ± 5.15 μmol mol–1) did not differ from the moderate mixing treatment under ambient pH. At the end of the second growth phase, the Fe:C ratios of the low and strong mixing scenarios did not differ relative to the moderate mixing treatment under ambient pH (Figure 3B).
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FIGURE 3. Molar ratios of iron (Fe) to carbon (C; μmol L−1 Fe per mol L−1 C) of a natural Antarctic phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA). Molar ratios were determined at the end of the first (A) and the second (B) growth phase. Values represent the means ± SD (n = 3) except for those with a dagger (†, n = 2). Significant differences relative to the moderate mixing scenario at ambient pH are denoted by *p < 0.05 and **p < 0.01, respectively.


In addition to Fe:C ratios, carbon normalized quotas were also determined for Co, Mn, Cu, and Zn (Table 2). Since the intracellular Co concentrations were very low and below the detection limit in most of the samples at the end of the first growth phase, no statistical analysis of the Co:C ratios was possible. At the end of the second growth phase, the strong mixing scenario had significantly higher Co:C ratios under ambient pH (p < 0.001) and OA (p < 0.05) compared to the moderate mixing treatment under ambient pH. Mn:C ratios did not differ between the mixing scenarios and the moderate mixing treatment under ambient pH at the end of both growth phases. The Cu:C ratio of the community incubated under the low mixing scenario at ambient pH was significantly higher compared to the moderate mixing treatment under ambient pH at the end of the first growth phase (p < 0.05). Under OA, two replicates of the strong mixing scenario were excluded from the analysis of the Cu:C ratio since their values were below the ICP-MS blank measurement. The remaining replicate had a significantly lower Cu:C quota compared to the moderate mixing treatment under ambient pH (p < 0.05). At the end of the second growth phase, Cu:C ratios did not differ between both future mixing scenarios and the moderate mixing treatment under ambient pH. Due to the reduced number of replicates, the Zn:C ratios should be treated with caution. At ambient pH, both future mixing scenarios had significantly higher Zn:C ratios than the moderate mixing treatment under ambient pH (p = 0.0005 and 0.005, respectively). At the end of the second growth phase, there was no difference between the mixing scenarios and the moderate mixing treatment under ambient pH.


TABLE 2. Ratios of the trace metals (TM) cobalt (Co), manganese (Mn), copper (Cu), and zinc (Zn) relative to C (μmol L−1 TM per mol L−1 C) measured for a natural phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA).
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Photophysiology

The Fv/Fm of the initial phytoplankton community was 0.16 ± 0.03. During the incubation, Fv/Fm values increased in all treatments relative to the initial community. At the end of the first growth phase, the Fv/Fm values of the low mixing scenario under both pH levels were significantly lower compared to the moderate mixing treatment under ambient pH (p < 0.001, respectively) whereas the strong mixing scenario did not differ from the moderate mixing treatment under ambient pH (Figure 4A). At the end of the second growth phase, there was no difference between the Fv/Fm of the two future mixing scenarios relative to the moderate mixing treatment under ambient pH (Figure 4B). The functional absorption cross sections of PSII (σPSII) of the initial community was 5.34 ± 0.37 nm2 PSII–1 (Table 3). At the end of the first growth phase, σPSII was lower in all treatments. In comparison to the moderate mixing treatment under ambient pH, there was no significant difference in σPSII between the mixing scenarios apart from the moderate mixing OA treatment, where σPSII was significantly higher (p < 0.01). At the end of the second growth phase, σPSII was significantly lower in the strong mixing scenario under ambient pH compared to the moderate mixing treatment under ambient pH (p < 0.005). Under OA, σPSII of both future mixing scenarios were significantly reduced compared to the moderate mixing treatment under ambient pH (p < 0.005, respectively). The time constant for electron transfer at PSII (τQa) for the initial community was 619 ± 76 μs (Table 3). At the end of the first growth phase, τQa was significantly increased in the strong mixing scenario under OA compared to the moderate mixing treatment under ambient pH (p < 0.05). For all other treatments, there was no difference in τQa relative to the moderate mixing treatment under ambient pH. The energy transfer between PSII units (i.e., connectivity, P) of the initial community was 0.23 ± 0.03 (Table 3). At the end of the first growth phase, P was higher in all treatments. In comparison to the moderate mixing treatment under ambient pH, P was significantly lower in the low mixing scenario under both pH levels compared to the moderate mixing treatment under ambient pH (p < 0.05). At the end of the second growth phase, P did not differ between the mixing scenarios under both pH conditions and the moderate mixing treatment under ambient pH, respectively. The absolute maximum electron transport rate (ETRmax) of the initial community was 408 e– PSII–1 s–1 (Table 3). At the end of the first growth phase, there was a significant OA effect for the moderate mixing treatment, with higher ETRmax under OA compared to the treatment under ambient pH (p < 0.05). Apart from this OA effect, there was no significant effect on ETRmax at the end of both growth phases. The light saturation point (Ik) for the initial community was at 118 μmol photons m–2 s–1 (Table 3). At the end of the first growth phase, Ik values ranged from 61 ± 0 to 112 ± 38 μmol photons m−2 s−1 and did not differ between the mixing scenarios and the moderate mixing treatment under ambient pH. At the end of the second growth phase, Ik was also not different under ambient pH, but was significantly increased in the low mixing scenario under OA relative to the moderate mixing treatment under ambient pH (p < 0.05). The light use efficiency (α) of the initial community was 3.45 (Table 3). There was no difference in α between the moderate mixing treatment under ambient pH and the mixing scenarios at the end of both growth phases.


TABLE 3. Functional absorption cross section of PSIIs (σPSII), time constant for electron transfer at PSII (τQa), connectivity between adjacent photosystems (P), maximum electron transport rates (ETRmax), light saturation point (IK) and light use efficiency (α) measured for a natural phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA).
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FIGURE 4. Dark-acclimated maximum PSII quantum yield (Fv/Fm, rel. unit) of a natural Antarctic phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA). Fv/Fm was determined at the end of the first (A) and the second (B) growth phase. Values represent the means ± SD (n = 3). Significant differences relative to the moderate mixing scenario at ambient pH are denoted by ***p < 0.001.




Net Particulate Organic Carbon Production Rates

At the end of the first growth phase, net POC production rates (μg C d−1) were similar across most treatments apart from the strong mixing scenario under OA, which was significantly reduced relative to the moderate mixing treatment under ambient pH (p < 0.005; Figure 5A). In contrast, at the end of the second growth phase, net POC production rates were higher and significantly increased in the low mixing scenario under both pH conditions (p = 0.0001, respectively) as well as in the strong mixing scenario under OA compared to the moderate mixing treatment under ambient pH (p < 0.005; Figure 5B). Carbon to nitrogen ratios (C:N) of the future mixing scenarios did not differ compared to the moderate mixing treatment under ambient pH in both growth phases and ranged between 6.80 ± 2.17 and 12.87 ± 3.14 mol mol–1 (Supplementary Table 3).
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FIGURE 5. Net POC production rates (μg C d–1) of a natural Antarctic phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA). Net POC production was determined at the end of the first (A) and the second (B) growth phase. Values represent the means ± SD (n = 3). Significant differences relative to the moderate mixing scenario at ambient pH are denoted by **p < 0.01 and ****p < 0.0001, respectively.




Pigments and Community Composition

The ratio of light-harvesting (LH) to light-protective pigments (LP; LH:LP, g g–1) in the initial community was 8.94 ± 0.20 g g–1. At the end of the first growth phase, the LH:LP ratio ranged from 11.81 ± 0.63 to 24.09 ± 2.84 g g–1 (Figure 6A). The LH:LP ratio was significantly reduced in the low mixing scenario under both pH conditions compared to the moderate mixing treatment under ambient pH (p < 0.0005, respectively). This lower LH:LP ratio was due to a significant higher concentration of DD+DT (p < 0.05) in both low mixing treatments, whereas the concentrations of Chl a, Chl c1+2, and fucoxanthin did not differ (Supplementary Table 2). The communities incubated under the strong mixing scenario had a significantly higher LH:LP ratio under ambient pH (p < 0.05) and OA (p < 0.05) relative to the moderate mixing treatment under ambient pH. At the end of the second growth phase, there was no difference, but the LH:LP ratio was significantly lower in the low mixing scenario under OA relative to the moderate mixing treatment under ambient pH (p < 0.01; Figure 6B).
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FIGURE 6. Ratios of light-harvesting (LH: sum of chlorophyll a, chlorophyll c1+2, and fucoxanthin) to light-protective pigments (LP: sum of diadinoxanthin and diatoxanthin; LH:LP, g g–1) for a natural Antarctic phytoplankton community grown under moderate mixing (low Fe and low light), low mixing (low Fe and high light), and strong mixing (high Fe and low light) exposed to ambient pH or ocean acidification (OA). LH:LP ratios were determined at the end of the first (A) and the second (B) growth phase. Values represent the means ± SD (n = 3). Significant differences relative to the moderate mixing scenario at ambient pH are denoted by *p < 0.05, **p < 0.01, and ***p < 0.001, respectively.


Based on the microscopic counts of the numerically most abundant phytoplankton groups in the samples, the initial community was numerically dominated by diatoms (63%) compared to nanoflagellates (37%, Table 1). At the end of the first growth phase, the relative numerical contribution by diatoms increased in both future mixing scenarios compared to the moderate mixing treatment under ambient pH (p < 0.005 and p < 0.05, respectively), but not under OA. At the end of the second growth phase, the relative numerical contribution by diatoms increased in all treatments, but did not differ between the mixing scenarios under both pH conditions relative to the moderate mixing treatment under ambient pH (Supplementary Table 4).




DISCUSSION

The anthropogenic increase in atmospheric CO2 leads to changes in climate circulation patterns, thereby affecting various environmental parameters in the global oceans (Laufkötter et al., 2015; Henson et al., 2017; Bindoff, 2019). Even though large parts of the SO have low Fe concentrations, it plays a significant role in the biological carbon pump (Takahashi et al., 2002; Khatiwala et al., 2009). Therefore, it represents an important region to investigate the productivity and composition of phytoplankton communities. In this study, we investigated the response of a phytoplankton community from the Drake Passage to two predicted climate scenarios for the SO simulating low and strong vertical mixing. Bottle incubation experiments with natural phytoplankton communities, such as the one presented here, can provide valuable insights into how certain environmental parameters (e.g., Fe, light and pH) influence interactions within the phytoplankton community or elemental composition. When interpreting and transferring the observed effects to natural conditions in the world’s oceans, it is important to take into account that the results were obtained under artificial conditions and will include some “bottle effects” (Venrick et al., 1977; Carpenter, 1996; Calvo-Díaz et al., 2011). However, these “bottle effects” are likely uniform and will not skew the relative changes resulting from the tested environmental parameters. Thus, multiple stressors bottle incubations are still the most effective way to investigate the effects of future environmental conditions and their effects on natural SO phytoplankton communities.

The study area represented typical conditions found in the Fe-limited waters of the Drake Passage south of the Polar Front, with high macronutrient concentrations and low biomass (Hopkinson et al., 2007; Alderkamp et al., 2011; Trimborn et al., 2015; Garcia et al., 2019). At the sampling site, macronutrient concentrations (PO4–3 = 1.50 μmol L–1; NO3– = 24 μmol L–1; SiO2 = 17 μmol L–1) were high, whereas Fe concentrations were very low (0.03 nmol Fe L–1). As typical for a HNLC region, both Chl a (0.04 ± 0.01 μg L–1) and POC concentrations (52.31 ± 3.76 μg L–1) of the initial community were also very low (Hopkinson et al., 2007; Alderkamp et al., 2011; Trimborn et al., 2015; Garcia et al., 2019). The pHNBS of 8.07 represented present-day seawater conditions (Jiang et al., 2019). In addition to the very low dFe concentrations, the reduced Fv/Fm (0.16 ± 0.03) in combination with the large σPSII (5.34 ± 0.37 nm2 PSII–1) suggested also that the sampled phytoplankton community was Fe-limited, as previously observed (Petrou et al., 2014; Koch and Trimborn, 2019).

The initial community was numerically dominated by diatoms (63%), while nanoflagellates accounted for 37%. Diatom-dominated phytoplankton assemblages are typical for HNLC waters of the Drake Passage (Sommer and Stabel, 1986; Alderkamp et al., 2011; Trimborn et al., 2015). The community was sampled in the early morning from a depth of 20 m and thus was exposed to low solar irradiance. Similar to Alderkamp et al. (2011), the (DD + DT) : Chl a ratio (0.18 ± 0.01) showed a high contribution of LP relative to Chl a pigments, indicating an acclimation of the initial community to mixing and frequent changes in irradiance levels, as typical for this region (Venables and Moore, 2010; Alderkamp et al., 2011).

It was mainly during the first growth phase that the phytoplankton communities in the two future mixing scenarios underwent changes in trace metal content, physiology and community composition. In comparison, the physiological characteristics of all phytoplankton communities remained the same during the second growth phase except for Co:C ratios, POC production rates and community composition, indicating that the final communities had fully acclimated to the experimental conditions, as previously observed in other OA perturbation experiments with SO phytoplankton assemblages (Coad et al., 2016; Heiden et al., 2019).


Trace Metal Stoichiometry Is Affected Differently by Both Future Mixing Scenarios at Ambient pH

During the first growth phase, both future mixing scenarios altered the carbon-normalized quotas of the trace metals Fe, Cu, Zn, Co, and Mn under ambient pH. Previous studies have explained these differences via TM substitution (Lee and Morel, 1995; Saito and Goepfert, 2008; Saito et al., 2008; Koch et al., 2018) and biodilution (Sunda and Huntsman, 1998). The Fe:C ratios of the two low Fe treatments (moderate and low mixing) were similar under ambient pH. As expected, the Fe addition in the strong mixing scenario resulted in an increase of the Fe:C ratio relative to the moderate mixing treatment at ambient pH. In line with this, several studies have shown enhanced Fe:C ratios of Fe-enriched relative to Fe-limited cells in the laboratory (Sunda and Huntsman, 1995; Maldonado and Price, 1996; Marchetti et al., 2006; Marchetti and Maldonado, 2016; Koch et al., 2018; Koch and Trimborn, 2019) and in the field (Twining et al., 2004).

Higher Cu:C quotas were frequently observed in response to Fe-limitation in several diatoms (Annett et al., 2008; Koch and Trimborn, 2019). Under Fe-limitation, high-affinity Fe uptake takes place, as Cu is needed in Fe-reductases and multicopper oxidases (Behnke and LaRoche, 2020). Moreover, some oceanic diatoms can also replace the Fe-rich cytochrome c6 by the Cu-containing plastocyanin in the electron transport chain (Raven et al., 1999; Peers et al., 2005; Behrenfeld and Milligan, 2013). The same Fe-dependent pattern was observed in this study, with higher Cu:C ratios in the two low Fe (moderate and low mixing) treatments compared to the Fe-rich treatment (strong mixing scenario). Finkel et al. (2006) observed an increased Cu:C ratio in diatoms in response to low irradiance. Unexpectedly, the Cu:C ratio was higher in the high light low Fe (low mixing) scenario relative to the low light low Fe (moderate mixing) treatment at ambient pH indicating that high light was amplifying the Fe limitation effect. Hence, the high light in the low mixing scenario may have promoted the substitution of Fe- toward Cu-containing plastocyanin. This could have enabled the Fe-limited cells in the high light low Fe (low mixing) scenario to achieve the same ETRmax values as the ones in the low light low Fe (moderate mixing) treatment.

The Zn:C ratios of the cells of both future mixing scenarios were significantly higher than in the ones of the moderate mixing treatment at ambient pH. Since Zn is required in proteins that are involved in DNA and RNA synthesis (Klug, 2010; Twining and Baines, 2013), it can be speculated that cells of both future mixing scenarios required an increase of the transcriptomic machinery leading potentially to higher demands for Zn containing proteins. Another possibility could be that Zn was used to sustain certain enzymatic chain reactions, substituting for the low Co and Cd concentrations (Saito and Goepfert, 2008; Morel et al., 2020). In line with this, the Co:C ratios were very low, in some cases even undetectable.

During the second growth phase, a significantly increased Co:C ratio was found only in the Fe-enriched strong mixing scenario, at both pH levels. Bacteria need Co for the production of vitamin B12 (Banerjee and Ragsdale, 2003), an essential vitamin for phytoplankton, which, after uptake by the cells, acts as cofactor in various enzymatic reactions (Twining and Baines, 2013). The availability of vitamin B12 can shape phytoplankton community composition in high latitude regions (Koch et al., 2011), including the SO (Panzeca et al., 2006). The increase in Co:C could be a result of a higher B12 demand of the phytoplankton community due to increased Fe availability and indicate an increased demand of reactions requiring vitamin B12 like methionine synthesis (Banerjee and Ragsdale, 2003; Helliwell et al., 2011).



Both Future Mixing Scenarios Resulted in Different Photophysiological Adjustments Under Ambient pH

Similar to previous studies (Feng et al., 2010; Hoppe et al., 2015; Trimborn et al., 2017a), the Fv/Fm increased in all scenarios at the end of the first growth phase relative to the Fv/Fm of the initial community. As constant light was applied during the light phase of the experiment, this increase can be explained by the absence of continuous photoacclimation that the cells had to perform under the dynamic light conditions in the water column. Similar photophysiological adjustments were previously observed (Hoppe et al., 2015; Trimborn et al., 2017a; Heiden et al., 2018).

The low mixing scenario, mimicking more stratified SO waters with higher light availability and low Fe supply, resulted in changes in the community’s photophysiology during the first growth phase, mainly a reduction in Fv/Fm and P. The decrease of the Fv/Fm compared to the moderate mixing treatment at ambient pH indicates that the applied high light level induced a light stress response by the community, as previously reported (van de Poll et al., 2009; Hoogstraten et al., 2012; Heiden et al., 2019; Trimborn et al., 2019). The lowered PSII connectivity of the cells in the low mixing scenario decreased the redistribution of photons across PSII, reducing thereby their light use efficiency. Such a decrease of P with increasing irradiance was previously observed in SO phytoplankton species (Heiden et al., 2016; Trimborn et al., 2017b,2019). An increase in Fv/Fm or P is commonly observed after Fe addition (Hopkinson et al., 2007; Petrou et al., 2014; Pausch et al., 2019), however, this might not always be the case as no such effect was observed here as well as in another SO natural phytoplankton assemblage (Feng et al., 2010).

In addition, under ambient pH the community incubated under the high light low mixing scenario had a lower LH:LP ratio compared to the low light moderate mixing treatment. The reason for this was a significant increase of the concentration of the LP pigment DD, which indicates a shift from a previous LH toward a more LP state. In many phytoplankton groups, DD plays an important role in the dissipation of excess energy under high irradiances as part of the xanthophyll cycle (Dimier et al., 2009). Such an increase in the LP relative to LH pigments in response to high light was previously observed for various SO phytoplankton species (Van Leeuwe et al., 2005; Kropuenske et al., 2010; Van De Poll et al., 2011; Alderkamp et al., 2019; Trimborn et al., 2019). As Fe is required for chlorophyll synthesis, the addition of Fe under low light in the strong mixing scenario likely increased the LH:LP ratio here, as previously observed in various SO phytoplankton culture experiments (Van Leeuwe and Stefels, 1998; Hoffmann et al., 2008; Alderkamp et al., 2012; Luxem et al., 2017). Apart from the latter adjustment, photophysiological characteristics of the community exposed to strong mixing remained the same. Overall, these photophysiological adjustments enabled both communities to maintain similar ETRmax and POC production rates.



Both Future Mixing Scenarios Alter Numerical Abundance of Diatoms and Nanoflagellates Without Affecting Particulate Organic Carbon Production Under Ambient pH

At ambient pH, during the first growth phase, the relative numerical contribution of diatoms and nanoflagellates did not change between the initial phytoplankton community and the moderate mixing treatment, but was altered under both future mixing scenarios, with a significant numerical increase in diatoms relative to nanoflagellates. Thus, both higher light availability, as simulated in the low mixing scenario, and higher Fe availability, as simulated in the strong mixing scenario, promoted diatom growth compared to nanoflagellates. Even though diatoms became numerically more abundant in both future mixing scenarios, this did not change net POC production under ambient pH, not even for the Fe-enriched strong mixing treatment. This is in line with previous observations, showing that the productivity of a phytoplankton community can remain the same even when exposed to changes in environmental factors such as light, temperature, OA or Fe (Trimborn et al., 2017a; Hoppe et al., 2018; Heiden et al., 2019). Another reason why net POC production remained constant irrespective of higher light (low mixing treatment) or Fe input (strong mixing treatment) could be secondary or co-limitation by other TMs and vitamins, as previously reported for SO phytoplankton communities (Panzeca et al., 2006; Browning et al., 2021; Balaguer et al., 2022).



Ocean Acidification Lowered the Numerical Abundance of Diatoms in Both Future Mixing Scenarios

Previous laboratory and field studies showed that both OA and high light reduce growth and POC production of various diatoms (Gao et al., 2012; Heiden et al., 2016, 2019; Trimborn et al., 2017b; Beszteri et al., 2018; Donahue et al., 2019). Such reduction in growth or biomass buildup was, however, not found for P. antarctica (Trimborn et al., 2014, 2017a,b; Thoisen et al., 2015; Koch et al., 2018). In this study, under ambient pH both increased light or Fe addition (strong and low mixing treatment, respectively) enhanced the numerical abundance of diatoms relative to the nanoflagellates. This positive effect by the two factors light and Fe for the diatoms, however, vanished when also being exposed to OA in both future mixing scenarios. In agreement with previous studies, we observed a negative effect of OA and high light, as simulated by the low mixing scenario, on the numerical abundance of diatoms, but not of nanoflagellates. The higher light availability on the other hand could have caused photolysis of Fe-binding ligands, thereby enhancing Fe availability for phytoplankton cells (Anderson and Morel, 1982; Barbeau et al., 2001; Küpper et al., 2006; Amin et al., 2009), as seen in the observed higher Fe content of the low mixing community. Thus, the negative effect of OA and high light was potentially dampened by the higher intracellular Fe content of the low mixing community, thereby resulting in no relative change of POC production in response to OA and high light.

In the low light strong mixing scenario, OA had also a negative effect on the numerical abundance of diatoms, even though Fe was added. Negative OA effects on the growth of diatoms were previously reported under low light conditions, potentially caused by higher metabolic costs (Hoogstraten et al., 2012; Heiden et al., 2016). The latter could explain why no OA-dependent increase in the number of diatoms was found under the low light conditions of the strong mixing scenario. For this scenario, OA also resulted in a significant decrease of the POC production rate, indicating that the overall productivity of the numerically diatom-dominated community was reduced. Hence, OA negatively influenced the diatom-dominated communities in both future mixing scenarios, with different implications for their productivity during the first growth phase.

At the end of the experiment, diatoms reached their maximum numerical abundance across treatments (∼80%). In agreement with this study, Xu et al. (2014) observed that irrespective of changes in temperature, pH, Fe and light the diatom Fragilariopsis cylindrus was more abundant than the prymnesiophyte P. antarctica. Surprisingly, in this study the higher light availability stimulated POC production of the low mixing community at ambient pH, suggesting that the cells benefited from an increase in light, even though Fe availability was low. A similar positive response to higher light availability, in particular under Fe-limiting conditions, was previously observed in the Antarctic diatom Thalassiosira antarctica and pinpoints toward the importance of light as driver of SO phytoplankton ecophysiology (Andrew et al., 2019). Similarly, under OA POC production rate of the low mixing community was high relative to the moderate mixed community indicating also a stimulation by high light. There was, however, a significant OA dependent reduction by 9% in the POC production rate in the low mixing community (p < 0.05, Student’s t-test). Such a reduction was already observed in various diatoms (Gao et al., 2012; Heiden et al., 2016, 2019; Trimborn et al., 2017b; Beszteri et al., 2018; Donahue et al., 2019), indicating that the combination of OA with high light was particularly stressful for the numerically diatom-dominated community.

Similar to the first growth phase, at the end of the experiment the Fe addition in the strong mixing treatment did not result in enhanced POC production rates at ambient pH. This could be due to a co-limitation by other micronutrients, as previously discussed. Unexpectedly, at the end of the experiment the exposure to OA resulted in higher POC production rates in the Fe-enriched strong mixing treatment. While we cannot explain this increase, these results highlight the complex interaction between multiple environmental factors (Fe, pH, and light). Similar interactive effects by Fe, light, and pH on POC accumulation in a SO phytoplankton community were observed by Feng et al. (2010). Together these results show the complex interplay of multiple factors, resulting in community responses that cannot be predicted by reactions to one or two factors. Overall, our study suggests a continued numerical dominance of diatoms, irrespective of light and Fe availability. The increased carbon production under both future mixing scenarios under OA suggests a higher productivity of the currently Fe-limited open ocean waters of the SO.
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