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Primary production in the Southern Ocean is strongly influenced by the availability of light and iron (Fe). To examine the response of two distinct natural Antarctic phytoplankton communities (diatom vs. flagellates) to increasing light and Fe availability, we conducted two shipboard incubation experiments during late summer and exposed each community to increasing light intensities (30, 80, and 150 µmol photons m−2 s−1) with or without Fe amendment. Our results show clearly that both communities were Fe-limited since Fe addition resulted in higher particulate organic carbon (POC) production rates. The magnitude of the Fe-dependent increase in POC production, however, varied between the two stations being higher in the diatom-dominated community relative to the flagellate-dominated community. This differential response to increasing Fe supply could be attributed to the higher Fe requirement of the flagellate-dominated assemblage relative to the diatom-dominated assemblage. Irrespective of Fe availability, light also strongly stimulated the POC production of both communities between low and medium light supply (30 versus 80 µmol photons m−2 s−1), indicating that both assemblages were light-limited in situ. However, since POC production of both communities did not increase further at the highest light intensity (150 µmol photons m−2 s−1) even under high Fe supply, this suggests that light supply was saturated or that other conditions must be fulfilled (e.g., availability of trace metals other than Fe) in order for the communities to benefit from the higher light and Fe conditions.
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Introduction

Primary production in the Southern Ocean (SO) is mainly constrained by the availability of light and the trace metal iron (Fe; Martin et al., 1990; Mitchell et al., 1991; Strzepek et al., 2019). As Fe plays an important role in the cellular process of photosynthesis (Behrenfeld and Milligan, 2013), several studies have already established the positive effects of Fe addition on the growth and carbon production of SO phytoplankton (Boyd et al., 2000; Blain et al., 2007; Moore et al., 2007). The effect of Fe on SO phytoplankton is, however, influenced by light availability. An antagonistic relationship between Fe and light has been observed in temperate phytoplankton (Sunda and Huntsman, 1997; Maldonado et al., 1999) wherein the Fe demand is said to increase under low light conditions, amplifying thereby Fe limitation. In particular, at low irradiance, phytoplankton cells would require more Fe for the synthesis of chlorophyll a (Chl a) and light-harvesting complexes (Raven, 1990). SO phytoplankton have been shown, however, to employ a different strategy in dealing with low light availability by not increasing their Fe requirement, as they can enhance the size of their light-harvesting antennae instead of increasing the number of their Fe-rich photosystem units (Strzepek et al., 2012, 2019). This finding is supported by several studies reporting larger photosystem II (PSII) absorption cross-section (σPSII) of SO phytoplankton, especially under low light and Fe-depleted conditions (e.g., Ryan-Keogh et al., 2017; Alderkamp et al., 2019; Trimborn et al., 2019). While larger σPSII may be advantageous under low Fe and low light conditions, this may, however, be stressful when SO phytoplankton are exposed to high light intensities. Due to the larger antenna size, the efficiency of energy transfer from the light-harvesting complexes to the photosynthetic reaction centers may be reduced (Raven, 1990), thereby causing cellular stress. Indeed, previous shipboard incubation experiments have shown a higher susceptibility of SO phytoplankton to photoinhibition and decreased photosynthetic efficiency when cells are exposed to high light in conjunction with low Fe conditions (Alderkamp et al., 2010; Petrou et al., 2011). The susceptibility of Fe-limited SO phytoplankton to high light cannot be generalized because some field studies also reported that natural SO phytoplankton assemblages coped well with high irradiances even under Fe-limited conditions. For instance, in spring–summer field experiments in the Ross Sea, both the Fe-limited diatom- and Phaeocystis-dominated phytoplankton communities did not exhibit any photoinhibitory response even when exposed to high irradiances of up to 550 µmol photons m−2 s−1 for over 6 days (Alderkamp et al., 2019). A similar capability to cope with high light stress (765 µmol photons m−2 s−1) under low Fe supply was also reported for a subantarctic nanoflagellate-dominated phytoplankton community sampled during summer (Petrou et al., 2011). This could be attributed to the ability of Antarctic phytoplankton to photoacclimate such as by decreasing the concentration of its light-harvesting pigments (Van Leeuwe and Stefels, 1998; Luxem et al., 2017) and/or by releasing excess energy through non-photochemical quenching (NPQ; Falkowski and Raven, 2007).

The capability of SO phytoplankton to deal with varying light intensities greatly depends on their cellular Fe requirement, which has been reported to be species-specific. For example, a laboratory Fe–light incubation experiment by Trimborn et al. (2019) revealed that an Fe-limited flagellate Phaeocystis antarctica was able to maintain similar high growth rates irrespective of the light intensity, while another flagellate, the cryptophyte Geminigera cryophila, exhibited reduced carbon production at high light even when Fe supply was high (500 µmol photons m−2 s−1; Camoying and Trimborn, 2023). In contrast, under low Fe supply, the Antarctic diatom Chaetoceros debilis was not able to grow at 500 µmol photons m−2 s−1 (Trimborn et al., 2019). In line with the observations from these laboratory experiments, the spring Phaeocystis-dominated phytoplankton communities along the Western Antarctic Peninsula (WAP) also exhibited a strong positive response to light regardless of Fe availability (Joy-Warren et al., 2022). However, the summer diatom-dominated assemblage sampled in East Antarctica displayed the highest growth and biomass production only under Fe-replete conditions in combination with high light intensities (Vives et al., 2022). While there are already available studies that looked at the effects of Fe and light on diatom- and Phaeocystis-dominated natural SO assemblages, the response of communities dominated by other flagellates such as cryptophytes and dinoflagellates still remains less studied.

Climate change models project that net primary production in the SO would be enhanced as a whole due to a potential increase in Fe input and light availability in the future (Henley et al., 2020). Granted that this would be the case, it is crucial, however, to determine whether the magnitude of the projected increase in carbon production would be similar among SO phytoplankton assemblages dominated by different taxonomic groups. Hence, our study aims to address this knowledge gap by conducting field incubation experiments on the effects of Fe and light availability on the growth, carbon production, and photophysiology of two distinct natural Antarctic phytoplankton communities. Here, we compared the ecophysiological responses of the open ocean diatom-dominated assemblage and the coastal flagellate-dominated community to the increase in light and Fe supply.





Materials and methods




Field sampling and setup of two Fe–light shipboard phytoplankton incubation experiments

Two Fe–light shipboard bottle-incubation experiments were conducted during the RV Polarstern expedition PS97 (February–March 2016) to investigate the response of natural phytoplankton communities from two distinct environments in the Atlantic sector of the SO to increasing light and Fe availability. Both sampling locations, where the initial seawater was collected, had high macronutrients but different trace metal concentrations (Table 1). BIO 1, sampled on March 2, 2016, at 25-m depth in the Drake Passage (60° 24.78′ S, 66° 21.85′ W, 25 m), had very low concentrations of both total dissolved Fe (0.05 nM) and manganese (dMn; 0.15 nM), while station BIO 2, sampled on March 13, 2016, at 25-m depth and located close to the Antarctic Peninsula (60° 29.94′ S, 55° 29.70′ W, 25 m), had higher dFe (2.89 nM) and dMn (1.0 nM) values. Trace metal clean (TMC) techniques were employed for all seawater sampling of each incubation experiment according to the GEOTRACES guidelines (Cutter et al., 2017). Prior to the expedition, all bottles, tubing, and other labware were acid-cleaned in the laboratory, as previously described in Balaguer et al. (2022) and Pausch et al. (2022). At both stations, seawater was directly pumped into a clean container (US class 100, Opta, Bensheim, Germany) using a Teflon membrane pump (Almatec, Futur 50) and pre-filtered with a 200-µm mesh to remove mesozooplankton before filling the incubation bottles inside a laminar flow hood. Before sampling, the pump and tubing were flushed for at least 1 h with seawater at each location.


Table 1 | Initial conditions of BIO 1 and BIO 2 stations.



For the two shipboard incubation experiments, each natural phytoplankton community was exposed to three light levels—low light (LL; 30 µmol photons m−2 s−1), medium light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1)—in combination with in situ Fe concentrations (Control: no Fe addition) and after Fe addition (+Fe: addition of 0.9 nM FeCl3). Light-emitting diode (LED) daylight lamps (SolarStinger LED Sun Strip Marine Daylight, Econlux, Cologne, Germany) were used as light sources and were set to the target light intensities. For each light treatment, six incubation bottles (three Control and three +Fe) were aligned horizontally in front of the light source (Supplementary Figure 1). The incubation bottles were gently turned and shaken daily to prevent cells from settling at the bottom. To address potential “spatial effects” due to the arrangement of the bottles, their positions in front of the light source were also interchanged daily. Since the in situ concentrations of macronutrients were also high (Table 1), no additional macronutrient amendment was necessary. All treatments were conducted in triplicate TMC 2.5-L polycarbonate (PC) bottles and maintained under the above-described light intensities and a 16:8 (light:dark) hour cycle at 1°C simulating typical natural conditions of the sampling region and time. Depending on the Fe treatment, incubation experiments lasted 10–14 days. During the experiment, the photosynthetic efficiency of the community was monitored every 2–4 days after 1-h dark-acclimation via a Fast Repetition Rate Fluorometer [FRRf; Fast Ocean PTX sensor, Chelsea Technologies Group (CTG) Ltd., West Molesey, UK] at 1°C. At the start and end of each experiment, samples were collected to determine changes in phytoplankton community composition, photophysiology, elemental composition, and seawater chemistry.





Seawater chemistry

The concentration of the dissolved trace metals (TMs) (Fe, Mn, Cu, Zn, and Co) in situ was determined by filtering 100 mL of seawater through HCl-cleaned polycarbonate filters (0.2-μm pore size) using a TMC Nalgene filtration system. The filtrate was then collected into a PE bottle and stored triple-bagged at 2°C until analysis. As described in Balaguer et al. (2022), dTM concentrations were determined on a SeaFast system (Elemental Scientific, Omaha, NE, USA) (Hathorne et al., 2012; Rapp et al., 2017), coupled to an inductively coupled plasma–mass spectrometer (ICP-MS; Element2, resolution of R = 2000, Thermo Fisher Scientific, Waltham, MA, USA). An imino-diacetate (IDA) chelation column (part number CF-N-0200, Elemental Scientific) was used in the pre-concentration step. To minimize the adsorption of TMs onto the bottle walls and to reduce the formation of hydroxides during storage, the pre-filtered seawater samples were acidified to pH = 1.7 with a double-distilled nitric acid (HNO3) and were UV-treated using a 450-W photo-chemical UV power supply (ACE GLASS Inc., Vineland, NJ, USA). Two blanks were taken during each digestion step, and daily optimization of the ICP-MS was performed to maintain oxide-forming rates below 0.3%.

Seawater samples were analyzed via external calibration to minimize any matrix effect, which could affect the quality of the analysis. The accuracy and precision of the method were assessed by analyzing a NASS-7 (National Research Council of Canada) reference standard in a 1:10 dilution (corresponding to environmentally representative concentrations) at the beginning and at the end of each run. All measured values were within the limits of the certified NASS-7 reference material with an average recovery rate of 97% for Fe, 91% for Mn, 98% for Cu, 94% for Zn, and 100% for Co.

Samples for the initial and final macronutrient concentrations for each experiment were filtered through a 0.2-µm filter and stored in a Falcon tube at −20°C. The concentration of dissolved macronutrients [total nitrate (nitrite + nitrate), phosphate, and silicate] was measured colorimetrically in the home laboratory on a QuAATro autoanalyzer (SEAL Analytical).





Pigments

Samples for photosynthetic pigment analyses were collected by filtering seawater onto 25-mm glass fiber filters (GF/F, Whatman). Filters were directly flash-frozen in liquid nitrogen and stored at −80°C. Concentrations of the pigments Chl a, chlorophyll c1 + 2 (Chl c1 + 2), fucoxanthin, diadinoxanthin, alloxanthin, peridinin, and 19′-hexanoyloxyfucoxanthin were measured by high-performance liquid chromatography (HPLC). As described in detail in Pausch et al. (2022), pigments were extracted from the filters using acetone (>99.9% HPLC grade; Merck, Darmstadt, Germany), and the synthetic pigment canthaxanthin (≥95% HPLC grade, Sigma-Aldrich, St. Louis, MO, USA) was used as an internal standard. Pigment samples were analyzed using an HPLC system consisting of a Waters 600 controller (Waters Corporation, Milford, MA, USA) combined with a refrigerated autosampler (Waters 717 plus), a photodiode array detector (Waters 2996), and a fluorescence detector (Waters 2475). Pigments were then identified and quantified using the EMPOWER software (Waters). Specifically, pigments were identified by comparing their retention time to those of the standards, and concentrations were determined based on peak areas of external standards. Pigment concentrations were normalized to the extraction volume using the internal standard canthaxanthin. The ratio of light-harvesting (LH) pigments to light-protecting (LP) pigments was calculated by dividing the sum of the concentration of Chl a, Chl c1+c2, and fucoxanthin by the sum of the concentration of diadinoxanthin (DD) and diatoxanthin (DT) (Pausch et al., 2022).





Phytoplankton community composition

To determine the taxonomic composition of the natural phytoplankton community of both stations, unfiltered seawater samples were collected at the start and the end of the incubation experiments. For the BIO 1 experiment, samples were fixed with 1% (final v:v) Lugol’s solution right after sampling and were allowed to settle in 10 mL Utermöhl sedimentation chambers (Hydro-Bios GmbH, Altenholz, Germany) for at least 24 h before counting them under an inverted microscope (Axio Observer D1, Carl Zeiss AG, Oberkochen, Germany). Phytoplankton were classified into four major groups of diatoms (Fragilariopsis, Pseudo-nitzschia, Chaetoceros, and other diatoms) and two flagellate groups (large, >5 µm; small, <5 µm). Cell growth rate (µ, d−1) was calculated according to the following:

	

where NT1 and NT2 represent cell densities (cell mL−1) at the start and the end of the experiment, respectively, and  denotes the duration of the incubation (in days).

For the BIO 2 experiment, as it was not possible to identify the flagellates, which dominated the station, using microscopy, the phytoplankton community composition for this station was inferred from the HPLC pigment data. Specifically, the pigment fucoxanthin was used as a proxy for diatoms, peridinin for dinoflagellates, alloxanthin for cryptophytes, and 19′-hexanoyloxyfucoxanthin for haptophytes (Feng et al., 2010; Wright and Van den Enden, 2000; Mackey et al., 1996). Marker pigment to Chl a ratios were calculated for the initial community and at the end of the experiments to assess the percentage decrease or increase of the relative abundance of each phytoplankton group for the BIO 2 experiment. The following equation was used to calculate the change in the relative abundance ( , %) of target phytoplankton groups:

	

where (PM: Chl a)T1 and (PM: Chl a)T2 denote the ratio of specific pigment marker to Chl a at the start and end, respectively, of the BIO 2 incubation experiment.





Net particulate organic carbon production rates

For particulate organic carbon (POC) analysis, water was filtered for each replicate bottle onto pre-combusted (500°C, 15 h) 25-mm GF/F filters (Whatman). A filter blank was also taken as a blank sample for each bottle. All filters were placed in pre-combusted glass Petri dishes and were stored at −20°C. In the lab, filters were first dried at 50°C for >12 h and then acidified with 200 µL of 0.2 M HCl before samples were analyzed on an automated carbon nitrogen elemental analyzer (Euro EA–CN Elemental Analyzer, HEKAtech GmbH, Wegberg, Germany). Net daily POC production rates were calculated based on the difference between the initial and final POC concentrations over the duration of the incubation in days. To examine whether the phytoplankton assemblages of the two stations would increase their Fe demand with decreasing light (Fe–light antagonism; Sunda and Huntsman, 1997), the ratio of POC-based growth rate (µPOC) under Control (µPOCCon) to the µPOC under +Fe (µPOC+Fe) (µPOCCon/µPOC+Fe) was calculated for each light treatment. Based on Latour et al. (2023), the following equation was used to calculate the µPOCCon/µPOC+Fe ratio:

	

where (POCCon) and (POC+Fe) represent the POC concentration (µmol L−1) of the Control and +Fe treatments, respectively, at the start (T1) and the end (T2) of the experiment, and  denotes the duration of the incubation (in days).





Photophysiology

An FRRf (FastOcean PTX sensor, CTG Ltd., West Molesey, UK) connected with a FastAct Laboratory system (CTG Ltd.) was used to measure Chl a fluorescence at the start, during, and end of the experiments of both stations. The fluorometer’s LED had excitation wavelengths of 450 nm, 530 nm, and 624 nm, and the light intensity was automatically adjusted. As in Balaguer et al. (2022) and Pausch et al. (2022), the single turnover mode was set with a saturation phase of 100 flashlets on a 2-μs pitch followed by a relaxing phase of 40 flashlets on a 50-μs pitch. In order to allow full oxidation of all PSII reaction centers, samples were dark-acclimated for 1 h before each measurement. The minimum (F0) and maximum (Fm) Chl a fluorescence of PSII were measured six times with the use of the FastPro8 software (Version 1.0.55, Kevin Oxborough, CTG Ltd.). The maximum quantum yield of photochemistry in PSII (Fv/Fm, rel. unit) was then calculated using the following equation:

	

Using the single turnover measurements of the dark-acclimated community, the 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 as in Oxborough et al. (2012). Electron transport rate (ETR)–irradiance curves were performed, and the ETRs (e− PSII−1 s−1) were calculated using the following formula (Suggett et al., 2004, 2009; Huot and Babin, 2010; Schuback et al., 2015):

	

where (F′q/F′m) denotes the effective PSII quantum yield under ambient light and E is the irradiance level (photons m−2 s−1). The 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 from the ETR–irradiance curve based on Ralph and Gademann (2005). The Stern–Volmer equation was used to calculate the NPQ:

	





Statistics

Two-way analysis of variance (ANOVA) with Tukey’s multiple comparison post-hoc tests was used to statistically analyze the interactive effects of the two Fe (Control and +Fe) and three light (LL, ML, and HL) treatments on all experimental parameters. Due to the nature of the light source used in the experiments as well as the specific spatial arrangement of the incubation bottles, any test of light effects is a test of both light and spatial effects. All statistical analyses were performed using the program GraphPad Prism (Version 10.1.0 (316) for Windows, GraphPad Software, San Diego, CA, USA), and the significance testing was conducted at the p < 0.05 level.






Results




Initial chemical and biological characteristics of both sampling stations

Shipboard Fe–light incubation experiments were conducted with phytoplankton communities sampled in two distinct environments. The phytoplankton community collected at station BIO 1 was located in the open waters of the Drake Passage. Here, macronutrient concentrations were high (Table 1), while only low levels of chlorophyll a (Chl a) and the trace metals Fe and Mn were found (Table 1). The initial phytoplankton community of BIO 1 also exhibited very low photosynthetic efficiency (Fv/Fm) together with large functional absorption cross-sections of PSII (σPSII) (Table 2). The initial micro-phytoplankton community of station BIO 1 was dominated by diatoms composed mainly of the genera Fragilariopsis, Chaetoceros, and Pseudo-nitzschia, while the nanoflagellate group was present only in smaller numbers. Based on Balaguer et al. (2022), the most abundant phytoplankton group Fragilariopsis was FeMn-co-limited, while the other phytoplankton groups (Chaetoceros, Pseudo-nitzschia, and Phaeocystis) were only Fe-limited. The initial BIO 1 phytoplankton community was also found to be light-limited based on the observations of Pausch et al. (2022).


Table 2 | The dark-adapted maximum photosystem II quantum yield (Fv/Fm), the functional absorption cross-section of PSII (σPSII), energy transfer between photosystem II units (connectivity, P), re-oxidation times of the primary electron acceptor Qa (τQa), maximum electron transport rates (ETRmax), minimum saturating irradiance (Ik), and the maximum light utilization efficiency (α) of the natural phytoplankton communities sampled in BIO 1 and BIO 2 stations after growing them at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) under in situ iron concentrations (Con) and after Fe addition (+Fe) conditions.



In contrast, the BIO 2 station was located close to the WAP and had way higher concentrations of dFe (2.89 nM) and dMn (1.0 nM) than BIO 1 (Table 1). In line with this, Fv/Fm (0.38 ± 0.01) and Chl a (1.04 µg L−1) values of the initial community of the BIO 2 station were also much higher compared to the initial community of BIO 1. Based on Blanco-Ameijeiras et al. (2020), the BIO 2 phytoplankton community was dominated by flagellates represented by prymnesiophytes, choanoflagellates, dinoflagellates, and cryptophytes, while diatoms were observed only in low concentrations. The authors also reported that the BIO 2 initial assemblage was only mildly Fe-limited.





BIO 1: POC production, phytoplankton community structure, and photoacclimation

At the end of the experiment (Control, 11-day duration; +Fe, 10-day duration), POC production of the phytoplankton community sampled in BIO 1 was significantly influenced by Fe (p < 0.0001) and light alone (p < 0.0001) as well as their interaction (p < 0.0043) (Figure 1A; Table 3). Fe addition significantly increased POC production rates in all light treatments (Figure 1). For the Control treatments, POC production increased with increasing light intensity. In the +Fe treatments, POC production was strongly stimulated between LL and ML, while no further stimulation was observed between ML and HL (Figure 1). Looking at the POC-based growth rates (µPOC) of the BIO 1 assemblage, the ratio of µPOC in the Control (µPOCCon) to µPOC in the +Fe (µPOC+Fe) was similar between LL and ML and increased at HL (µPOCCon/µPOC+Fe; Table 4).




Figure 1 | Daily particulate organic carbon (POC) production rates of the phytoplankton communities sampled at stations BIO 1 (A) and BIO 2 (B) after growing them at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) or after iron addition (+Fe). Values represent the means (± SD) of triplicate incubations. Significant differences between treatments are indicated by varying lowercase letters (post-hoc tests, p < 0.05).




Table 3 | Significance of the single effects of light and Fe as well as their interactive effects effects on the different physiological parameters.




Table 4 | Particulate organic carbon-based growth rates (µPOC, d−1) of the natural phytoplankton communities sampled in BIO 1 and BIO 2 stations after growing them at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) under in situ iron concentrations (Con) and after Fe addition (+Fe) conditions.



Growth rates of each counted phytoplankton group (Figure 2) were significantly influenced by both Fe (diatoms and nano- and small flagellates, p < 0.0001; big flagellates, p = 0.0224) and light (diatoms and nano- and small flagellates, p < 0.000; big flagellates, p = 0.0006) alone, but no interactive effects between the two factors were observed (Table 3). Irrespective of the light level, Fe enrichment enhanced the growth of all phytoplankton groups except for the large-sized flagellates, for which a significant increase in growth was observed only at ML. In response to increasing light under Control conditions, the growth of Fragilariopsis was stimulated, while that of all other phytoplankton groups remained the same between LL and ML and increased only at HL. In response to increasing light under +Fe conditions, the growth of most groups was stimulated but depended on the applied light intensity. For instance, the growth of Chaetoceros was stimulated across all light levels, while the growth of Pseudo-nitzschia, Fragilariopsis, and the large-sized flagellates increased only from LL to ML with no further change at HL. In comparison, the growth of the other diatoms and the small flagellates was enhanced only between ML and HL (Figure 2).




Figure 2 | Growth rates of the different phytoplankton groups [Fragilariopsis spp. (A), Pseudo-nitzschia spp. (B), Chaetoceros spp. (C), other diatoms (D), large flagellates (E), and small flagellates (F)] from BIO 1 station after growing at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) and after iron addition (+Fe). Values represent the means (± SD) of triplicate incubations. Significant differences between treatments are indicated by varying lowercase letters (post-hoc tests, p < 0.05).



At the end of the experiment, the ratio of LH to light-protective pigments (LP; LH: LP, ng ng−1) of the BIO 1 phytoplankton community was influenced by both light (p < 0.0001) and Fe (p < 0.0001) alone, but not by their interaction (Table 3). An Fe-dependent stimulation of LH: LP ratios was observed in all light treatments (Figure 3). Irrespective of Fe availability, the LH: LP ratio decreased from LL to ML and remained unchanged toward HL (Figure 3).




Figure 3 | 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, ng ng−1) of the phytoplankton communities sampled in BIO 1 (A) and BIO 2 (B) stations after growing them at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) and after iron addition (+Fe). The initial LH: LP ratios of the starting communities of each station are presented as black dashed lines. Values represent the means (± SD) of triplicate incubations. Significant differences between treatments are indicated by varying lowercase letters (post-hoc tests, p < 0.05).



The Fv/Fm and the connectivity between adjacent photosystems (P) were influenced by both Fe (Fv/Fm, p = 0.0053; P, p = 0.0102) and light (Fv/Fm, p = 0.0137; p = 0.0024) alone. Fe addition led to higher Fv/Fm values except at HL. In response to increasing irradiance, Fv/Fm remained the same regardless of Fe availability (Table 2). P generally increased with Fe addition, but the change was significant only at ML. Irrespective of Fe availability, P decreased from LL to ML and remained the same at HL. The functional absorption cross-sections of PSII (σPSII) were influenced only by Fe (p = 0.0057) whereby a decrease was observed in the HL and +Fe treatments. The time constant for electron transfer at PSII (τQA) responded to light alone (p = 0.0239), decreasing from LL to ML and increasing again between ML and HL in the Control (Table 2). No interactive effect of Fe and light on all photophysiological parameters (Fv/Fm, σPSII, P, and τQA) of the phytoplankton assemblage in BIO 1 was observed (Table 3).

The maximum electron transport rates (ETRmax) and minimum saturating irradiances (Ik) of the BIO 1 phytoplankton assemblage were influenced by both Fe (ETRmax, p = 0.0071; Ik, p = 0.0002) and light alone (ETRmax, p = 0.0343; Ik, p < 0.0001), while a significant interactive Fe–light effect (p = 0.0283) was evident only for Ik (Table 3). Fe addition resulted in lower ETRmax and Ik values, but this effect was only significant for ML and HL. Increasing irradiance led to higher ETRmax for ML compared to LL but not HL, and Ik values, but only in the Control treatment (Table 2; Figures 4A, B). The maximum light utilization efficiency (α), however, was affected by neither light nor Fe (Table 2). NPQ values of the final communities in BIO 1 were enhanced with increasing irradiance during the fluorescence light curve (FLC) in all treatments (Figure 5A). While lower NPQ values were observed in +Fe compared to the Control treatments, light availability in all cases did not have an influence on NPQ.




Figure 4 | Absolute electron transport rates (ETRs) of the final phytoplankton communities sampled in BIO 1 (A, B) and BIO 2 (C, D) stations were measured in response to increasing irradiance (LL: 30 µmol photons m−2 s−1; ML: 80 µmol photons m−2 s−1; HL: 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) (A, C) and after Fe addition (+Fe) (B, D). Values represent the means (± SD) of triplicate incubations.






Figure 5 | Non-photochemical quenching (NPQ) of the final phytoplankton communities sampled in BIO 1 (A, B) and BIO 2 (C, D) stations were measured in response to increasing irradiance (LL: 30 µmol photons m−2 s−1; ML: 80 µmol photons m−2 s−1; HL: 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) (A, C) and after Fe addition (+Fe) (B, D). Values represent the means (± SD) of triplicate incubations.







BIO 2: POC production, phytoplankton community structure, and photoacclimation

For the BIO 2 station, at the end of the experiment (Control: 14-day duration; +Fe: 11-day duration), POC production was positively influenced by both Fe (p < 0.0001) and light (p < 0.0001) alone, but not their interaction (Table 3). In response to Fe addition, POC production increased significantly in all light treatments. Irrespective of Fe availability, increasing light intensity stimulated POC production rates between LL and ML, while values remained unchanged between ML and HL (Figure 1B). The µPOCCon/µPOC+Fe ratios increased from LL to ML and remained the same at HL (Table 4).

Since it was not feasible to count the flagellate groups using microscopy for the BIO 2 samples, the ratio of pigment marker to Chl a was used instead as a proxy to assess the relative changes of the major phytoplankton taxa [fucoxanthin (Fuco): diatoms; peridinin (Peri): dinoflagellates; alloxanthin (Allo): cryptophytes; 19′-hexanoyloxyfucoxanthin (19′-hexa): haptophytes] over the course of the BIO 2 experiment (Figure 6). In all incubation bottles, among the four taxa, only the haptophyte group exhibited an overall decrease (~60%) in its abundance relative to their number at the start of the experiment. In contrast, at the end of the incubation, the relative abundance of diatoms either remained unchanged or increased slightly, while dinoflagellates and cryptophytes exhibited up to a twofold increase in abundance depending on the treatment. In all light treatments, Fe addition had no effect on the relative abundance of the cryptophytes and haptophytes, while a decrease in diatoms was observed at LL, and there was higher dinoflagellate abundance in both the LL and ML treatments in +Fe compared to Control. In response to increasing light intensity, diatom abundance represented by Fuco concentrations did not change except under the Control treatment where their relative abundance decreased from LL to ML. Dinoflagellate abundance was only influenced by light under the +Fe treatment, being decreased from ML to HL. In both the Control and +Fe treatments, the abundance of cryptophytes was enhanced at HL relative to LL. However, increasing light only had a positive effect on the abundance of haptophytes under the Control, while values remained unchanged in the +Fe (Figure 6).




Figure 6 | Ratio of marker pigment [fucoxanthin: diatoms (A); peridinin: dinoflagellates (B); alloxanthin: cryptophytes (C); 19′-hexanoyloxyfucoxanthin: haptophytes (D)] relative to Chl a was used as proxy to assess relative changes in the abundance of the major phytoplankton taxa in BIO 2 at the end of the incubation experiment. Using the calculated marker pigment to Chl a ratio of the initial community and at the end of the incubation, changes in the relative abundance of the target phytoplankton groups were calculated and given as % change from the marker pigment to Chl a ratio at the start of the experiment (>100% indicates positive growth). The phytoplankton community was grown at low light (LL; 30 µmol photons m−2 s−1), middle light (ML; 80 µmol photons m−2 s−1), and high light (HL; 150 µmol photons m−2 s−1) in conjunction with in situ iron concentrations (Control) and after iron addition (+Fe). Values represent the means (± SD) of triplicate incubations. Significant differences between treatments are indicated by varying lowercase letters (post-hoc tests, p < 0.05).



Fe addition did not have any effect on the LH: LP ratios. Increasing light, however, negatively influenced LH: LP ratios (p < 0.0001) except when Fe was added, and the ratio remained the same between ML and HL (Figure 3B). In general, the Fv/Fm and P values of the final BIO 2 phytoplankton assemblage were influenced only by Fe alone (p < 0.0001), while light and the combination of both factors had no effect. Accordingly, only the addition of Fe significantly increased Fv/Fm and P in all light treatments (Table 2). Both single Fe (p = 0.0054) and light (p = 0.0003) effects were observed in σPSII (Table 3). Fe addition decreased σPSII only at LL. In the Control, increasing irradiance resulted in similar σPSII between LL and ML but was decreased at HL, while in the +Fe, σPSII was enhanced from LL to ML and decreased at HL. τQA was affected by neither light nor Fe except at HL where it was significantly increased after Fe addition (Table 2).

Fe addition did not influence ETRmax of LL and ML treatments but significantly reduced ETRmax of the HL treatment (Table 2). Increasing light intensity led to an increase in ETRmax values (p < 0.0001) in all treatments (Figures 4C, D). Ik remained unchanged with Fe addition except in the ML, which exhibited higher Ik values. Ik was altered in response to increasing irradiance (p < 0.0001) but differently affected depending on the Fe availability. Both the Control and +Fe treatments exhibited an increase in Ik from LL to ML, but in the Control, Ik did not change between ML and HL, while it was reduced from ML to HL in the +Fe. Neither light nor Fe had an influence on α of the phytoplankton communities in BIO 2 (Table 2). In all treatments, NPQ values were enhanced with increasing actinic irradiance during the fluorescence light curve runs but unaffected by Fe availability. Interestingly, the Control ML had the highest NPQ values in response to varying light, while values were relatively similar among the three light treatments under +Fe (Figures 5C, D).






Discussion

Our study shows that both Fe addition and increasing light stimulated the POC production of the two phytoplankton communities. The degree of POC production increase, however, varied between the two wherein it was slightly higher in the diatom-dominated BIO 1 assemblage compared to the flagellate-dominated BIO 2 community. This differential response to Fe could be attributed to the species-specific cellular Fe demand and the Fe uptake capabilities of the dominant phytoplankton groups in each station. While SO phytoplankton commonly increase their σPSII under Fe limitation, we did not observe such physiological adjustment in most of our treatments. Accordingly, both communities increased their Fe demand with decreasing light availability. We also show here that POC production was not enhanced further between ML and HL even when Fe was added, potentially indicating that both communities had additional requirements, which were not fulfilled (e.g., availability of other trace metals such as Mn).




Fe addition stimulated the POC production of the phytoplankton community at both stations and in all light treatments

In line with the observations of previous studies with SO natural phytoplankton assemblages (e.g., Feng et al., 2010; Alderkamp et al., 2015; Balaguer et al., 2022; Joy-Warren et al., 2022; Pausch et al., 2022; Vives et al., 2022) and laboratory cultures (e.g., Andrew et al., 2019; Koch et al., 2019; Koch and Trimborn, 2019; Camoying et al., 2022), POC production rates of both stations were stimulated after Fe addition relative to the Control, indicating Fe limitation of both communities. However, the degree of the limitation differed between the two stations (Figure 1). The diatom-dominated BIO 1 station had a very low dFe concentration and a low Fv/Fm value in situ; hence, Fe addition resulted in a 100% increase of Fv/Fm values in the +Fe treatments relative to the initial. In addition, σPSII values of the +Fe treatments were reduced by 50% after Fe addition compared to the initial value (Table 2). However, different from the observations of other studies showing a decrease in σPSI in response to Fe enrichment (Petrou et al., 2014; Strzepek et al., 2019), we only observed an Fe-dependent decrease in σPSI at HL (Table 2). Similarly, the initial LH: LP ratio of BIO 1 was also low, with Fe amendment leading to much higher LH: LP ratios in the +Fe treatments (Figure 3). As Fe is required in chlorophyll synthesis, it is a common response of SO phytoplankton to increase the concentration of light-harvesting pigments after Fe enrichment (Van Leeuwe and Stefels, 1998; Moore et al., 2007; Alderkamp et al., 2012). The above observations indicate that the in situ BIO 1 community was severely Fe-limited, in line with the findings of Blanco-Ameijeras et al. (2020) and Pausch et al. (2022). By contrast, the flagellate-dominated BIO 2 station had a high dFe concentration together with a high Fv/Fm value in situ. This is similar to observations for the BIO 2 community by Blanco-Ameijeiras et al. (2020), who also demonstrated in their Fe addition experiments that the BIO 2 community was mildly Fe-limited. Based on our data, the BIO 2 flagellate-dominated community exhibited lower Fv/Fm values in all of its Control treatments compared to the initial (Table 2). It could be that Fe was depleted over the incubation period due to the high cellular Fe requirement of flagellates. In line with this, open ocean nanophytoplankton was found to acquire both new and recycled Fe compared to large-sized diatoms, which are not able to utilize the latter (Boyd et al., 2012). Moreover, Twining et al. (2004) reported higher Fe:C ratios in SO flagellates than diatoms, suggesting a higher Fe demand of the former in sustaining growth as has been observed for the cryptophyte G. cryophila (Camoying et al., 2022).

The distinct phytoplankton community composition of each station and their differential Fe uptake capabilities as well as Fe demand most likely influenced the overall POC production in BIO 1 and BIO 2. The degree of Fe-dependent increase in POC production varied between the two stations, being slightly higher in BIO 1 than in BIO 2. In BIO 1, POC production in the +Fe was on average two times higher than in the Control, while it was only 1.6 times higher in BIO 2. In line with this, growth rates of all phytoplankton groups in BIO 1 were also strongly promoted after Fe addition (Figure 2), while Fe enrichment, except for the dinoflagellate group, had no effect on the relative abundances of the other phytoplankton groups in BIO 2 (Figure 6). The high resource uptake capabilities of diatoms as r strategists (Arrigo et al., 2005) as well as their low Fe demand (Sunda et al., 1991; Marchetti et al., 2006) could be the reason for the sustained dominance of diatoms over flagellates in BIO 1, being, therefore, the primary drivers of enhanced POC production at this station. However, the higher Fe requirement of flagellates (high Fe:C ratios; Twining et al., 2004; Camoying et al., 2022) could be responsible for the smaller degree of increase in POC production of the BIO 2 community and the absence of positive Fe effects on the growth of almost all BIO 2 phytoplankton groups, despite the high in situ dFe concentration.





BIO 1: The Fe-enriched BIO 1 community required medium irradiance to yield highest POC production rates

Even though increasing light enhanced the overall growth of the Fe-enriched BIO 1 assemblage, similar photophysiological characteristics were maintained between light treatments (Table 2), indicating optimal photoacclimation of the diatom-dominated communities. The growth of various phytoplankton groups was, however, differentially affected by increasing light levels (Figure 2). Fragilariopsis, Chaetoceros, Pseudo-nitzschia, and the large-sized flagellates, among them P. antarctica, increased their growth rates from LL to ML. Similar light-dependent stimulation in the growth of Fe-replete Fragilariopsis was already previously observed for Fragilariopsis curta (Heiden et al., 2016), Fragilariopsis cylindrus (Ye et al., 2023), and Fragilariopsis pseudonana (Heiden et al., 2019). As in this study, previous studies have reported a positive effect of increasing light on the growth of Chaetoceros lineola (Feng et al., 2010), C. debilis (Trimborn et al., 2019), and Pseudo-nitzschia prolongatoides/subcurvata (Lee et al., 2022) as well as the flagellate P. antarctica (Feng et al., 2010; Strzepek et al., 2012; Lee et al., 2022). From ML to HL, Chaetoceros showed even further light-dependent growth stimulation, as previously observed in other studies (Feng et al., 2010; Trimborn et al., 2019). In addition to Chaetoceros, the other diatoms and small-sized flagellates also exhibited the highest growth rates at HL. This suggests that Fe addition allowed them to take advantage of the HL availability. Based on our results, the growth of the BIO 1 community was clearly limited by Fe and light.

As observed in other field studies with natural SO phytoplankton communities (Viljoen et al., 2018; Alderkamp et al., 2019; Joy-Warren et al., 2022; Latour et al., 2023), the increasing light intensity from LL to ML promoted a strong enhancement in POC production (181%) of the Fe-enriched BIO 1 community (Figure 1A). However, no further increase in POC production was observed from ML to HL in spite of the increase in growth of Chaetoceros, the other diatoms, and the small flagellate group at HL. This suggests that these three groups were not the main drivers of POC production at HL in BIO 1, but instead, production rates were more strongly influenced by Fragilariopsis, which dominated the initial BIO 1 community. In fact, in the +Fe treatment, the growth of Fragilariopsis was enhanced between LL and ML but remained the same at HL. Fragilariopsis of the BIO 1 community was identified to suffer from FeMn-co-limitation in situ, as it yielded the highest growth rates only when both Fe and Mn were supplied (Balaguer et al., 2022). Since Mn is a crucial component of the PSII water-splitting center (Raven, 1990), it could be that the HL conditions in our study triggered a higher Mn demand for Fragilariopsis, which was, however, not fulfilled, as only Fe was supplied in this study, preventing thus its growth stimulation from ML to HL under high Fe conditions. Indeed, an increased Mn demand under HL conditions (>120 µmol photons m−2 s−1 PAR; Joy-Warren et al., 2022) was reported for the springtime phytoplankton community from the WAP region of the SO. It could also be that due to the unfulfilled high Mn demand of Fragilariopsis, the HL exposure led potentially to higher oxidative stress. The cells may have prioritized the allocation of the available Fe for the production of Fe superoxide dismutase (FeSOD) to reduce the formation of reactive oxygen species (ROS) (Peers and Price, 2004). Hence, as a consequence, no further increase in carbon production was observed between ML and HL treatments of the BIO 1 community under high Fe supply.





BIO 1: The Fe-limited BIO 1 community required high light to achieve maximum POC production

Comparing the Fv/Fm and LH: LP ratios of the Control LL to those of the initial community, it can be seen that both parameters increased at the end of the incubation (Table 2; Figure 3). This indicates the relief of light limitation and photoacclimation of the Fe-limited community to a constant and stable light supply over the course of the experiments. In line with the observations of other studies (Vives et al., 2022; Alderkamp et al., 2019; Viljoen et al., 2018), the exposure of the BIO 1 Control community to increasing light levels did not alter Fv/Fm and σPSII (Table 2). While previous studies have found that HL conditions (>300 µmol photons m−2 s−1) can induce additional light stress in Fe-limited phytoplankton (Moore et al., 2007; Alderkamp et al., 2010, 2019), this was not the case here, probably due to the fact that the applied HL treatment of 150 µE was not high enough. As in Petrou et al. (2011), LH: LP ratios (Figure 3A) and the connectivity between photosystems (P; Table 2) were reduced between LL and ML, indicating active photoacclimation to absorb less light under ML by the Fe-limited BIO 1 community. As a consequence, Ik significantly increased between LL and ML (Table 2), indicating that more light was required to saturate photosynthesis. In fact, the re-oxidation time of Qa (τQA) was much shorter (Table 2), yet this did not translate into more efficient electron cycling (Table 2) and POC production (Figure 1A), suggesting that the Calvin cycle was not saturated. Only when exposed to HL were ETRmax and POC production in the Control treatment of the BIO 1 community significantly increased (Table 2; Figure 1). In fact, POC production yielded maximum rates of 3.64 µmol L−1 d−1 under Control HL conditions, being 74% higher than the rate of the +Fe LL treatment (2.09 µmol L−1 d−1; Figure 1A). Even without the addition of Fe, the combination of the Control treatment of the BIO 1 community with HL resulted in 5.6 times higher POC production rates than the Control LL treatment (0.55 µmol L−1 d−1; Figure 1A). This clearly shows that HL neither led to light stress nor had a negative impact on the photosynthetic performance of the BIO 1 community. This is similar to the response of other natural phytoplankton communities (Joy-Warren et al., 2022; Vives et al., 2022; Latour et al., 2023) showing stimulation of POC rates with increasing light intensity even under low Fe availability. Hence, compared to the Fe-enriched community that yielded maximum POC production rates at ML, the Fe-limited BIO 1 phytoplankton community achieved maximum POC fixation rates only at HL (Figure 1A). Thus, only the supply of HL was able to alleviate the negative impact of Fe limitation on the BIO 1 community, demonstrating clearly that the BIO 1 community was limited by both Fe and light.

We also tested whether there was an increase in Fe demand at LL relative to the HL treatments, particularly under low Fe availability (Fe–light antagonism) as suggested by Sunda and Huntsman (1997). The observed lower µPOCCon/µPOC+Fe ratios at LL suggest a higher Fe requirement of the BIO 1 community (Table 4), which is consistent with the observations of previous studies (Viljoen et al., 2018; Joy-Warren et al., 2022), but in contrast to other Fe–light studies with Antarctic phytoplankton assemblages (Alderkamp et al., 2019; Vives et al., 2022; Latour et al., 2023). The reason for this discrepancy among studies could be the chosen light treatments since LL conditions were comparably high in our study (30 µmol photons m−2 s−1), while our ML and HL treatments represented rather moderate light conditions (80 and 150 µmol photons m−2 s−1, respectively). In comparison, the studies that did not find this antagonistic relationship applied either very low light intensities (2–6 µmol photons m−2 s−1: Latour et al., 2023) or very high irradiances (331–512 µmol photons m−2 s−1, Alderkamp et al., 2019; 370–926 µmol photons m−2 s−1, Vives et al., 2022). Perhaps the larger light range that the phytoplankton was exposed to in the latter studies required potentially even stronger photoacclimation strategies, which, in contrast, lowered their Fe demand.

In our study, except for Fragilariopsis, which exhibited a light-dependent growth stimulation at each light level, growth of all other phytoplankton groups was enhanced only at HL (150 µmol photons m−2 s−1) in the Control treatment of the BIO 1 community (Figure 2). Hoffmann et al. (2008) reported a negative impact on the growth of the SO diatoms Chaetoceros dichaeta and Actinocyclus sp. in response to increasing light up to a moderate light level of 90 µmol photons m−2 s−1, while the growth of C. debilis remained unaffected. Moreover, Strzepek et al. (2012) showed either no or positive high light effects (ranging from 100 up to 280 µmol photons m−2 s−1) on the growth of two Fe-limited Antarctic diatoms (Proboscia inermis and Eucampia antarctica, respectively). In contrast to ML, our study showed that the growth of all phytoplankton groups strongly benefitted from the HL supply, indicating that light limitation could be relieved under low Fe supply, as previously observed for Antarctic phytoplankton assemblages (Viljoen et al., 2018; Joy-Warren et al., 2022; Vives et al., 2022; Latour et al., 2023). It appears that the HL treatment of 150 µmol photons m−2 s−1 provided optimal growth conditions for all community members. Based on our results, the growth of most members of the BIO 1 community was clearly Fe–light co-limited.





BIO 2: ML successfully relieved light limitation of the Fe-enriched BIO 2 community and promoted the highest POC production

Similar to the BIO 1 phytoplankton assemblage, positive light effects between LL and ML on POC production were found in the +Fe treatments of the BIO 2 community (Figure 1B). Between LL and ML, the ratio of LH: LP declined, shifting the pigment ratio from a light absorption toward a more light-protective state (Figure 3B). Furthermore, σPSII and Ik increased between LL and ML (Table 2), indicating that more light was required for photosynthesis to become saturated. This photophysiological adjustment, however, allowed the cells to achieve higher ETRmax (Table 2) and POC production rates (Figure 1B) between LL and ML, indicating efficient linear electron cycling. Overall, this study shows that, as for the BIO 1 community, ML successfully relieved the light limitation of the BIO 2 community. With Fe enrichment, ML promoted the highest growth and POC fixation rates. In contrast to the diatom-dominated BIO 1 assemblage, the flagellate-dominated BIO 2 community underwent various photophysiological adjustments even after Fe addition under ML, corresponding to Fe-limiting conditions such as the increase in σPSII and more photoprotective pigments (Petrou et al., 2014; Vives et al., 2022; Alderkamp et al., 2019). This points toward the higher Fe requirement of SO flagellates than diatoms (Twining et al., 2004), as previously shown for the Antarctic cryptophyte G. cryophila relative to the diatom Pseudo-nitzschia subcurvata (Camoying et al., 2022).

When exposed to even higher irradiance (HL), POC production remained constant in the Fe-enriched BIO 2 community, with σPSII, Ik, and ETRmax being lowered between ML and HL (Table 2; Figure 4). The relative abundance of cryptophytes, however, was enhanced between LL and HL, suggesting that the higher light supply was beneficial for this group. Such positive light effects, especially of moderate light intensities under Fe-replete conditions on cryptophytes, have been observed before, both in laboratory studies with the cryptophyte G. cryophila (Trimborn et al., 2019; Camoying and Trimborn, 2023) and in field studies showing that cryptophytes are often associated with illuminated and stratified waters (Mendes et al., 2018; 2023). In contrast to the beneficial HL effects on cryptophytes, relative abundances of the dinoflagellates of the BIO 2 community declined from ML to HL under +Fe conditions, as indicated by the lowered peridinin:Chl a ratio (Figure 6B). This suggests that dinoflagellates benefit more from low and medium irradiances than from HL after Fe addition. Even though species composition was altered in response to the HL supply, this, however, did not change the overall productivity of the BIO 2 community. Hence, the BIO 2 community was most productive when grown in Fe-enriched and medium irradiances, indicating a successful relief of their Fe and light limitation. Similar to the BIO 1 community, the exposure of even higher irradiances did not lead to any further additional positive effects, suggesting light saturation and probably also a higher Fe demand, which potentially needed to be fulfilled in order to achieve even higher POC production by the flagellate-dominated BIO 2 community.





BIO 2: The Control treatment of the BIO 2 community responded to increasing light in the same manner as the Fe-enriched treatment

In contrast to BIO 1, in both the Control and +Fe treatments of the BIO 2 community, the LH: LP ratios decreased, while Ik and ETRmax were enhanced from LL to ML (Table 2), which in turn resulted in significantly higher POC production rate at ML (Figure 1B). Moreover, it needs to be noted that the supply of ML alone (without any Fe added) increased the POC production of the Control similarly high as that of the +Fe treatment under LL (Figure 1B). This indicates that the community was not only Fe-limited but light-limited as well and that the higher light availability alleviated the negative effects of Fe limitation in the Control. For BIO 2, σPSII and ETRmax decreased in the Control from ML to HL, but this did not result in reduced POC production, as rates remained the same between ML and HL, similar to the +Fe treatment. Since maximum POC production was achieved at ML after Fe addition, the BIO 2 phytoplankton community was clearly Fe–light co-limited.

As was observed for BIO 1, the BIO 2 assemblage also exhibited an increased demand for Fe at LL as shown by the lower µPOCCon/µPOC+Fe ratio of the LL treatment compared to both ML and HL treatments (LL: 0.35 ± 0.09 vs. ML: 0.57 ± 0.06 and HL: 0.67 ± 0.05; Table 4). The µPOCCon/µPOC+Fe ratios of the LL treatment of the BIO 2 assemblage were also lower than those of the LL treatment of the BIO 1 community (Table 4), potentially indicating higher Fe requirement of the flagellate-dominated station. While SO phytoplankton are commonly known to increase their σPSII in response to Fe limitation (Strzepek et al., 2019), both communities in our study did not exhibit a strong Fe-dependent decrease in σPSII with Fe addition, and values at the end of the incubations were fairly similar between the two stations despite being composed of different phytoplankton assemblages (Table 2). The absence of this photophysiological adjustment may explain the increase in Fe demand of both communities under LL.

With respect to the community composition, aside from the strongly lowered relative abundance of haptophytes at the end of the incubation, the diatoms, cryptophytes, and dinoflagellates maintained positive growth throughout the course of the experiment (% change of pigment marker to Chl a ratio from the initial: >100% indicates positive growth; Figure 6). At the end of the incubation, the mixotrophic cryptophytes and dinoflagellates were most abundant, showing up to 300% and 250% increase, respectively. Since in the Control both the cryptophytes and haptophytes exhibited a similar increase in their relative abundance between LL and HL, this suggests that the dinoflagellates most likely were the ones to prey on haptophytes, causing their overall decline at the end of the incubation. In line with this, culture experiments with a novel dinoflagellate isolated from the Ross Sea (Gast et al., 2007) have shown the selective predation of the dinoflagellate on the Antarctic haptophyte P. antarctica (Sellers et al., 2014). In addition to potential predation effects, some HL effects were also observed. For instance, the relative abundance of diatoms significantly declined between LL and ML in the Control, indicating a susceptibility of diatoms to higher irradiances under Fe limitation, while positive HL effects were observed for the cryptophytes and haptophytes. Considering that our Fe–light experiments were conducted during late summer, it could also be that grazing of large-sized diatoms occurred prior to sampling and that much of the dFe in BIO 2 was recycled Fe. In the absence of Fe addition, the small-sized diatoms were potentially outcompeted by the flagellates in the Control treatment since regenerated Fe is more easily accessible to the latter (Boyd et al., 2012), in addition to the finding that haptophytes and cryptophytes are well-adapted to high irradiances (Trimborn et al., 2019; Camoying and Trimborn, 2023; Mendes et al., 2023).





Ecological implications

With the ongoing ocean acidification and global warming events, two scenarios are projected for the open ocean regions of the SO. The first scenario predicts the shallowing of the mixed layer depth (MLD) due to sea surface temperature warming and the subsequent melting of sea ice (Meijers, 2014). This would result in increased light availability to phytoplankton (Bopp et al., 2013) but would reduce the input of trace metals from deeper water layers (Bopp et al., 2001). The second scenario, in contrast, projects a poleward shift and strengthening of westerly winds (Meijers, 2014), and this is expected to result in reduced light availability due to the deepening of the MLD and an increase in Fe input from deeper layers due to stronger water column mixing (Hauck et al., 2015). Based on the response of the diatom-dominated community in the open waters of the Drake Passage (BIO 1), under the first scenario with less Fe, but more light, POC production would only be enhanced when exposed to high light (150 µmol photons m−2 s−1), but not at low and medium light (30 and 80 µmol photons m−2 s−1, respectively). With the second scenario of high Fe supply, but low light availability, POC production would also be enhanced. Hence, both scenarios would lead to increased growth and carbon production of the open ocean diatom-dominated community.

With regard to the coastal Antarctic region, climate change models project increased stratification due to melting ice and surface water freshening, thereby increasing the light available to phytoplankton together with higher nutrient inputs from the melting glaciers and sea ice (Deppeler and Davidson, 2017). Such a scenario of high light and high Fe availability would also lead to enhanced growth and carbon production of the flagellate-dominated coastal WAP community (BIO 2).

Climate change models predict an enhanced Fe input and light availability in the future SO, which would in turn result in an overall increase in net primary production and growth of SO phytoplankton (Henley et al., 2020). The results of our two field experiments corroborate the simulation outcomes of the SO models since we observed a significant enhancement in the POC production of the two distinct SO phytoplankton assemblages in response to medium irradiance (80 µmol photons m−2 s−1) and high Fe supply. However, the degree of POC production increase would be higher in the diatom-dominated than flagellate-dominated community, which could be attributed to the lower Fe requirement of diatoms relative to flagellates. Exposure of SO phytoplankton communities to even higher light (150 µmol photons m−2 s−1), however, would not lead to a further increase in POC production. Given the projected dominance of diatoms, carbon export of the open ocean regions of the SO would be enhanced, while that of coastal WAP waters would be reduced since small flagellates are said to be less efficient vectors for carbon export compared to the large, silica-containing diatoms (Armstrong et al., 2009; Ducklow et al., 2001). Moreover, the increase in the abundance of small flagellates could also have an impact on the distribution patterns of key SO grazers (krill and salps). For instance, krill are reported to prefer feeding on large-sized diatoms (Meyer and El-Sayed, 1983; Haberman et al., 2003), while salps, being non-selective feeders, are able to efficiently feed on small flagellates (Pakhomov et al., 2002). The potential shift in the dominance from krill to salps could result in a decreased availability of food to higher trophic organisms (i.e., seals, penguins, and whales; Henley et al., 2020), thus affecting the food web dynamics in the SO. Moreover, while flagellates may not be the preferred food of krill, they may serve as a rich source of recycled Fe due to their high cellular Fe content.
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OEBPS/Images/table2.jpg
EY/ER Opsii P (dimension- ETRmax I (umol

(dimension-  (nm?PSII™Y) less) (e” PSIIts™) photons
less) m2s™
BIO 1 initial 0.16 + 0.03 53037 0.23 + 0.03 619+ 76 | 408 118 345
BIO 1 Con | IL 034 + 007 3205 0.34 + 0.03* 603 +49° | 159 +18° 87+ 18° 1.84 %017
Bio 1 Con | ML 0.24 + 0.06" 3.8+05" 0.22 + 0.07° 502 +65° | 334+ 57 166 = 25° 2,02+ 021°
Bio 1 Con | HL 030 + 0.06" 37+14° 0.28 + 0.07° 590 +30° | 404 + 206" 220+ 46° 1.76 + 0.52°
Bio 1 +Fe | LL 043 001" 25 +008" 041 £ 0.01° 610+ 19 | 134 + 4% 70 + 6 1.93 £ 0.14°
Bio 1 +Fe | ML 034 +0.02° 27 019" 0.33 £ 0.01% 574+ 18° | 177+ 8° 105+ 5° 1.68 + 0.06"
Bio 1 +Fe | HL 034 £ 005" 2.51015° 0.28 + 0.01° 586 + 17° | 184 + 19% 118 £ 15° 1.56 + 0.06*
BIO 2 initial 0.38 + 0.01 6.0+0.26 0.39 + 0.01 679+35 | 221 144 1.53
BIO 2 Con | LL 031 +0.00° 3.0 £ 063" 0.23 £ 0.04° 644 +42° | 9118 61+ 3" 1.50 + 0.38"
Bio 2 Con | ML 031 +0.00° 35+006" 0.22 + 0,03 603 +20° | 186+ 13" 106 + 7° 1.76 + 0.06*
Bio 2 Con | HL 030 +001° 26 +025" 0.20 £ 0.01* 613+28" | 146+ 6° 102 + 10° 144 %013
Bio 2 +Fe | LL 040 + 001° 2.3 +012° 0.35 + 0.04° 660 £23° | 89+ 6" 59 + 3% 151+ 0.04*
Bio 2 +Fe | ML 038 + 005" 33+024° 0.29 + 0.06" 611+23® | 197 +15° 127 £ 13° 1.56 + 0.09°
Bio 2 +Fe | HL 038 +0.00° 2.2 £005™ 0.31 +0.03" 661 + 8" 124 £ 8¢ 97+ 9 1.29 + 0.06"

Values represent the means (+ SD) of triplicate incubations. Significant differences between treatments are indicated by varying lowercase letters (post-hoc tests, p < 0.05).
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BIO 1 BIO 2

Latitude min”~" 60° 24.78' S 60°29.94" S
Longitude min~" 66° 21.85' W 55°29.70' W
dFe nM 0.05 2.89
dMn V nM 0.15 1.00
dCu nM 1.05 1.37
dZn nM 321 11.11
dCo V nM 0.03 0.05
dFe:dMn nM:nM 0.33 2.89
dFe:dCu nM:nM 0.05 2.11
dFe:dZn nM:nM 0.02 0.26
dFe:dCo nM:nM 1.67 58
NO, uM 24 25
PO, uM 1.50 1.49
SiOH, uM 17 59
Chla pg L' 0.05 1.04
LH: LP ngng ' 8.94 12.84

Coordinates, concentrations of total dissolved iron (dFe), dissolved manganese (dMn),
dissolved copper (dCu), dissolved zinc (dZn), dissolved cobalt (dCo), macronutrients (NOx
= NO; (nitrate) and NO, (nitrite), PO, = phosphate, SiOH, = silicate), chlorophyll a (Chl a)
and ratios of light-harvesting (LH: sum of chlorophyll a, chlorophyll ¢;,.5, and fucoxanthin) to
light-protective pigments (LP: sum of diadinoxanthin and diatoxanthin; LH:LP, ng ng™") are
shown for the initial seawater sampled at BIO 1 and BIO 2 stations.





