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The ongoing rise in atmospheric CO2 levels and the consequent global warming make it increasingly difficult to maintain the global temperature within the 1.5 - 2°C target set by the Paris Agreement. Therefore, strategies to remove carbon dioxide from the atmosphere are being developed, with ocean alkalinity enhancement (OAE) gaining most attention. Within OAE, ocean liming- the addition of quicklime (CaO) or hydrated lime (Ca(OH)2)- can not only remove CO2 from the atmosphere but potentially counteract the effects of ocean acidification. Although quite attractive, these technologies have yet to be tested regarding ecological safety and efficacy. Here we report the impacts of ocean liming on the abundance, composition and extracellular enzymatic activity (EEA) rates of a North Atlantic planktonic community. The results demonstrate that OAE led to a decreased phytoplankton development, mainly diatoms. The bacterial response to OAE was community-specific, with a consistent increase in the relative abundance of the order Oceanospirillales. OAE also led to increased EEA rates, especially within the bacterial community. These findings suggest that while initial effects on phytoplankton may be limited, the specific impacts on bacterial groups suggest that OAE could influence the remineralization of organic matter. If our results apply to other communities, OAE might initially affect marine microbial dynamics, but further studies are needed to determine if these effects are long-term.
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1 Introduction


The continued increase of atmospheric CO2 and the consequent warming of planet Earth (Calvin et al., 2023) further distances the goal of keeping the global temperature increase between 1.5 - 2°C (United Nations Framework Convention on Climate Change, 2015). Relying only on the reduction of emissions has been deemed insufficient to achieve the Paris Agreement terms, highlighting the need for carbon capture and negative emission technologies (NETs) (Gattuso et al., 2021; Keller et al., 2014; Rau et al., 2012).


One of the most promising technologies proposed within NETs is Ocean Alkalinity Enhancement (OAE). This approach mimics natural weathering processes by adding alkaline compounds or solutions to the ocean, which enhances CO2 sequestration and storage in the form of bicarbonate (HCO3
-) and carbonate ions (CO3²-), thereby increasing ocean alkalinity (Hartmann et al., 2013; Kheshgi, 1995; Renforth and Henderson, 2017). The addition of alkalinity can be previously CO2-equilibrated, initially increasing only total alkalinity (TA) when added, or non-CO2-equilibrated, leading also to a decrease in pCO2 and increase in pH (Hartmann et al., 2023).


Among the various OAE strategies under investigation, ocean liming — the dispersal of quicklime (CaO) or hydrated lime (Ca(OH)2) on the ocean surface — has recently been reconsidered as a potential OAE solution (Foteinis et al., 2022; Renforth et al., 2013; Renforth and Henderson, 2017). When it is not pre-equilibrated with atmospheric CO2, this approach causes a rapid increase in pH upon addition, enhancing CO2 uptake and helping to counteract ocean acidification (Feng et al., 2016; Gattuso et al., 2018; Ilyina et al., 2013).


Several in-depth studies using Earth System Models have evaluated the feasibility of this strategy focusing on its carbon sequestration capacity, potential biochemical impacts and estimated costs (Burt et al., 2021; González and Ilyina, 2016; Keller et al., 2014; Lenton et al., 2018; Paquay and Zeebe, 2013). One major concern with OAE’s ecological impact is the immediate effects of its deployment and whether the affected ecosystems can recover from the added alkalinity, since it could lead to long-term changes that could reshape the ecosystem (Bach et al., 2019; Renforth and Henderson, 2017). To address these challenges and determine safe limits for OAE application, the scientific community is actively working to provide timely insights to policy makers (Oschlies et al., 2023).


Currently, studies investigating the effects of OAE on the marine ecosystem are being conducted. Although studies are progressing rapidly with initial results now being published, they primarily focus on phytoplankton population dynamics and single species (e.g. diatoms, coccolithophores) (Ferderer et al., 2022, 2024; Guo et al., 2022; Hutchins et al., 2023; Marín-Samper et al., 2024) which play a critical role in carbon cycling and are the foundation of the marine food web. While the importance of phytoplankton is undeniable, marine heterotrophic bacteria, which constitute a major portion of the microbial community, have received comparatively less attention. These bacteria not only form intricate relationships with phytoplankton—ranging from mutualistic to antagonistic (Seymour et al., 2017)—but also play a pivotal role in carbon cycling through respiration and the remineralization of organic matter produced by phytoplankton (Azam and Malfatti, 2007; Caron, 1994; Hoppe, 1991). This degradation process is mediated by hydrolytic enzymes, which are sensitive to shifts in ocean chemistry (Yamada and Suzumura, 2010). Consequently, it is vital to assess how OAE might impact bacterial extracellular enzymatic activity and the subsequent effects on the balance between surface ocean remineralization and the sinking of organic matter. Such research is particularly urgent in oligotrophic systems, where nutrient availability is limited, and bacterial processes are critical to ecosystem functioning.


This study aimed to assess the potential effects of ocean alkalinity enhancement through ocean liming on a marine microbial community, specifically phytoplankton abundance and distribution, marine bacteria community dynamics through time and potential effects on the microbial food web.






2 Materials and methods





2.1 Experimental setup


The effects of OAE were investigated on a natural marine microbial community from the North Atlantic, specifically offshore Terceira Island, Azores (38°39'20"N 27°16'54"W). On May 24, 2022, surface seawater was manually collected by filling a 40 L polypropylene bottle approximately 40 m from the shoreline at Negrito (Angra do Heroísmo), resulting in an estimated 40 L of water.


The collected seawater was immediately filtered through a 200 μm mesh, to remove larger zooplankton. As zooplankton are typically sparse and unevenly distributed in the area, their removal helped ensure consistency across treatments. In-situ measurements of temperature, salinity, and total pH (pHt) were taken to characterize the seawater and to calibrate climate chamber conditions.


The filtered community (< 200 μm), hereafter referred to as the Total Community (TC), was gently and continuously mixed in the laboratory to maintain homogeneity and prevent sedimentation. No nutrients were added to the samples, as naturally occurring concentrations of nitrate (8 μM), phosphate (0.2 μM), and silica (≈46 μM) were already present in Negrito Bay at the time of collection.


To isolate the effects of OAE on heterotrophic bacteria, a Bacterioplankton Community (BC) was prepared by filtering the TC through a 0.7 μm glass microfiber filter (GF/F), thereby removing most eukaryotic microbes. The filtrate, primarily containing bacteria, was collected for bacterioplankton treatments.


Both TC and BC were each split into two treatments: control (no alkalinity alteration) and TA addition, where alkalinity was increased by 250 μmol kg-¹ using CaO (see next section for details). Each treatment was transferred into experimental bottles and randomly arranged in a climate chamber (Aralab) set to 18°C (matching in-situ conditions), under a 14/10 h light/dark cycle and a light intensity of 150 ± 10 μmol m-² s-¹. Bottles were gently mixed twice daily and repositioned daily to reduce positional bias.


Samples were taken on t3 and t6 to capture both the exponential growth and stationary phases of phytoplankton, during which bacterial dominance increases. This 2 × 2 factorial design included two community types (TC and BC) and two alkalinity conditions (control and TA addition), resulting in four experimental treatments (see 
Table 1
).



Table 1 | 
Treatments tested in the experiment.





	Community type

	Alkalinity

	Condition






	Total (< 200 μm)
	Control
	TC-C



	Total
	TA addition (T)
	TC-T



	Bacterioplankton (< 0.7μm)
	Control
	BC-C



	Bacterioplankton
	TA addition
	BC-T







TC, Total Community; BC, Bacterioplankton community; C, Control; T, TA addition.








2.2 TA addition


CaO solubility was previously tested by comparing “expected” versus “real” TA enhancement. The results of the optimization protocol showed a 70% efficiency of this alkalinization method, which led to the correction of the addition to assure the achievement of wanted final TA concentration (Δ 250 μmol kg-1).


According to Equation 1, theoretically, one mole of CaO (Calcidrata, purity above 75%), increases the alkalinity by two moles via HCO3
-.
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Seawater collected on site was filtered (0.22 µm) using a peristaltic pump to reduce microbial content and was used to prepare an intermediate, highly alkaline solution referred to as the “mother solution”. This TA-enriched solution (~4000 μmol kg-¹ increase) was prepared by rapidly dissolving 0.0896 g of CaO in ultrapure water through vigorous shaking in a 15 mL Falcon tube. The resulting slurry was then transferred to a 1 L Duran bottle containing a magnetic stirrer, and filtered seawater was added until the final volume reached 1 L. Subsequently, 60–70 mL of the “mother solution” were added to each TA addition treatment bottle (1 L final volume) to increase alkalinity by 250 μmol kg-¹.






2.3 Carbonate chemistry


TA samples were filtered through a polyethersulfone (PES) 0.2 µm syringe filter and measured in a Metrohm Titrino Plus 848 coupled with an 869 Compact Sample Changer, with correction being carried out by the certified reference material supplied by Dickson et al. (2003). Total pH (pHt) was measured using a glass electrode (WTW,pH 340i) and corrected using TRIS buffer supplied by Dickson et al. (2003).The remaining parameters of the carbonate system were calculated through the CO2SYS script for excel Lewis et al. (1998), using as input salinity, temperature, total phosphorus and silica, TA, and pH, and using the equilibrium constants defined by Lueker et al. (2000).






2.4 Inorganic nutrients


Samples for dissolved inorganic nutrients were filtered through a 0.2 µm syringe filter on t0, t3 and t6 and frozen until processing. Nitrate, nitrite, phosphate and silicate concentrations were determined spectrophotometrically (Varian Cary 50) according to Hansen and Koroleff (1999).






2.5 Composition and abundance of microphytoplankton and coccolithophores


Microphytoplankton composition and abundance of functional groups were assessed through light microscopy (Nikon TS100) at 200 X magnification on t0, corresponding to the initial community, and then on t3 and t6 of the experiment. Briefly, at each time point, between 100–200 mL were collected, preserved with 2% Lugol, and kept in the dark at room temperature until further analysis. The samples were then processed after two months, where they were placed in an Utermöhl chamber (HYDRO-BIOS KIEL), set to sediment, and the cells counted.


To deepen the information on the phytoplankton community, calcifying nanoplankton, represented here by coccolithophores due to their dominance in the modern ocean alongside diatoms and dinoflagellates (Falkowski et al., 2004) and its relevance in the Azores region (Narciso et al., 2016) were studied. Coccolithophore abundance was determined at the beginning of the experiment (t0) and at the end (t6). Samples were filtered through cellulose nitrate membrane filters and then rinsed with low mineral water to eliminate salt artifacts. The filters were then air dried and stored in petri dishes. A sector of approximately 30° was cut out of each filter and placed on a glass slide, where the mounting medium (Entellam) was previously added, and a coverslip was placed on top. The mounted sample was then heated for about 30 seconds to degas the sample and facilitate visualization and left overnight to finish the mounting process. Lastly, the coccolithophores were identified and counted on a polarization microscope (Leica DM 2700 P).






2.6 Heterotrophic bacteria community composition


The bacterial community was determined by filtering approximately 90–150 mL through a 0.22 µm polycarbonate filter (47 mm diameter) using a vacuum pump. The filters were carefully removed, immersed in ethanol absolute and stored at -20°C. Afterwards, DNA was extracted from the filters using the FastDNA™ Spin Kit for Soil (MP Biomedicals) following the manufacturer’s instructions, with an additional step regarding the processing of the polycarbonate filters. In brief, the filters were cut into smaller pieces under sterile conditions before being placed in the Lysing Matrix E tube for further processing. After obtaining the DNA, the samples were sent to STABVIDA (Lisbon) for metagenomic paired-end sequencing of the 16S rRNA gene on Illumina MiSeq Platform, using the 515F (5’-3’): GTGCCAGCMGCCGCGGTAA and 806R (5’-3’): GGACTACHVGGGTWTCTAAT primers that target the V4 region of the subunit (Caporaso et al., 2011). Algorithms in QIIME2 (version 2020.8) were used to transform the amplicon libraries into an amplicon sequence variant (ASV) abundance table. Taxonomy was assigned to ASVs using the SILVA database of the 16S reference sequences at 99% similarity (version 138, released December 2019).






2.7 Extracellular enzymatic activity


The extracellular enzymatic activity of leucine aminopeptidase (LAP) and alkaline phosphatase (ALP) was determined based on the protocol developed by Hoppe (1983) with some minor modifications. In brief, the fluorogenic substrate analogs solutions, L-leucine-7-amido-4-methylcoumarine hydrochloride (Leu-MCA) and 4-methylumbelliferyl phosphate (MUF-Phos) were added to the sterile 96-well microplates at the final concentration of 32 μM. For alkaline phosphatase samples, 30 μL of enhancement solution (MUF) was added before measurements. All measurements were performed on a FLUOstar Omega equipment with the following wavelengths, λ excitation= 360 nm; λ emission= 450 nm. The fluorescence values obtained for LAP and ALP were then used to estimate the concentration by means of the calibration standards L-Leucine 7-amido-4-methylcoumarin hydrochloride and 4-Methylumbelliferyl, respectively.






2.8 Data analysis and bioinformatics


All statistical analyses were performed on RStudio version 2023.06.1 + 524. Multifactorial ANOVA was performed using as factors the alkalinity (control vs TA addition) treatments for carbonate chemistry parameters, microphytoplankton abundance and enzymatic activity along Tukey multiple pairwise-comparisons test with 95% confidence interval. For the microphytoplankton community, a non-metric multidimensional scaling (NMDS) ordination based on Bray-Curtis dissimilarities of Hellinger-transformed abundance data was performed to visualize differences in community composition across treatments. Additionally, a permutational multivariate analysis of variance (PERMANOVA) based on Bray-Curtis dissimilarities was conducted to statistically assess the effect of OAE on community structure (vegan package, R). For the bacterial community, alpha diversity indexes (Shannon’s H, Peilou’s J and Fisher alpha) were calculated using vegan package. Beta diversity was visualized through principal coordinates analysis (PCoA) based on Bray-Curti’s dissimilarities (phyloseq package) while the significant effects of OAE were assessed through PERMANOVA. A taxon-specific analysis for all relevant orders (relative abundance > 2.5%) was performed through a multifactorial ANOVA applied to general linearized model (GLM) (vegan package). Heatmap was generated using Euclidian distance matrix of 50 most abundant ASV as input.







3 Results





3.1 Carbonate chemistry


The manipulation resulted in an increase of total alkalinity (TA) by approximately 170 μmol kg-¹, whereas the intended increase was 250 μmol kg-¹, yielding an alkalinization efficiency of approximately 70%. And consequently, the pHt also increased (average value 8.28) in TA addition treatments (
Figure 1
). While the TA concentration remained constant throughout the whole experiment, pHt values decreased in the bacterioplankton and increased in the total community by the end of the experiment (
Figure 1
). Concomitantly, CO2 levels, which initially showed an opposite trend to pHt by starting lower in the TA addition samples (2-fold) compared to the control, in both communities (
Figure 1
), increased in the bacterioplankton community but decreased in the total community by the end of the experiment.


[image: Three line graphs show changes over time in total alkalinity (TA), pH, and CO2 levels. The first graph shows TA in blue decreasing and stabilizing over six days. The second graph shows pH in blue and orange, with blue decreasing and orange increasing slightly. The third graph shows CO2 levels in blue and orange, with blue decreasing sharply and orange increasing markedly.]
Figure 1 | 
Carbonate chemistry throughout the experiment: total pH; TA and CO2. Peach lines represent the control, and blue lines represent TA addition. Solid lines represent the total community, and dashed lines represent the bacterioplankton community. Bars represent the standard error.








3.2 Effects of OAE on phytoplankton


The total abundance of phytoplankton (including both microphytoplankton and coccolithophores) was estimated visually using light microscopy and showed a marked increase over the course of the experiment, rising approximately 50- to 100-fold by t6 (
Figure 2A
). Nevertheless, phytoplankton development was decreased under the TA addition treatment by 3-fold (P = 0.0214) as evidenced by lower increase compared to the control and lower uptake of inorganic nutrients (
Supplementary Table S2
).


[image: Three charts illustrate phytoplankton data. Top left: Bar chart showing phytoplankton growth over six days, with higher growth in the control group. Top right: Stacked bar chart displaying the relative abundance of different phytoplankton groups, with diatoms dominating in control and TA_addition treatments. Bottom: NMDS plot showing two distinct clusters for control and TA_addition treatments, indicating sample differentiation.]
Figure 2 | 

(A) Phytoplankton abundance throughout the experiment. Peach lines represent the control, and blue lines represent TA addition; (B) Relative abundance of functional groups of phytoplankton of the total community on t6. C, Control; T, TA addition; (C) NMDS plot based on Bray-Curtis dissimilarities.




The increase in abundance was mainly driven by diatoms in all treatments, shifting from an initial community, composed of 40% coccolithophores, 35% diatoms, 12% dinoflagellates and 13% unidentified organisms (
Figure 2B
) to diatoms (92-98%), followed by dinoflagellates (1-9%) in all treatments (
Figure 2B
). This was corroborated by the decrease in silica on t6 (
Supplementary Table S2
). Meanwhile, coccolithophores, which initially made up a large portion of the community, were almost completely absent by the end of the experiment, detected only at 1% on the TA addition treatment. Still, the PERMANOVA model revealed no significant OAE influence (P = 0.1) on microphytoplankton community composition as displayed also by the NMDS ordination (
Figure 2C
).






3.3 Effects of OAE on bacteria


The bacterial communities were predominantly composed of ASVs classified within the phyla Proteobacteria and Bacteroidota, specifically the orders Alteromonadales, Oceanospirillales and Rhodobacterales, and Flavobacteriales, respectively (
Figure 3A
).


[image: A stacked bar chart and a scatter plot illustrate bacterioplankton communities. The bar chart shows the relative abundance of various bacterial orders with categories labeled C and T. The scatter plot maps these communities on axes one and two with bubble sizes representing mean abundance. Treatments T and C are color-coded in blue and orange, respectively. Shapes (circles and triangles) distinguish community types as bacteria or total. A legend lists bacterial orders with corresponding colors.]
Figure 3 | 

(A) Relative abundance of the 20 most abundant orders in the overall dataset for Bacterioplankton and Total communities. C, Control; T, TA addition; (B) Principal coordinates analysis (PCoA) based on Bray-Curtis dissimilarities.




The bacterioplankton community (BC), derived from the total community (TC) by filtration, showed a distinct composition with lower taxonomic richness, as indicated by Shannon H, Pielou J, and Fisher alpha indices (
Figures 3A
; 
Supplementary Figure S1
). Furthermore, there is a clear separation between bacterioplankton and total communities, evidenced in the heatmap dendrogram (
Figure 4
) and confirmed in the PCoA (
Figure 3B
), except for replicate 2 from the bacterioplankton community that is grouped with the total community (
Figure 4
). Still, the filtration retained important taxonomic similarities, namely the presence of ASVs classified to order Alteromonadales, Flavobacteriales, Oceanospirillales and Rhodobacterales (
Figure 3
).


[image: Heatmap showing the abundance of different bacterioplankton taxa, including Marinomonas, Polaribacter, and others. The color scale ranges from blue (0) to red (12), indicating increasing abundance. The vertical dendrogram clusters taxa based on similarity.]
Figure 4 | 
Heatmap of the 50 most abundant ASVs in each sample. C, Control; T, TA addition.




Although the PERMANOVA revealed no overall effect (P = 0.1) of TA addition on both TC and BC community composition, an in-depth look into the TC revealed that some orders were affected by TA addition, specifically orders Chitinophagales, Cellvibrionales and Oceanospirillales (
Figure 5
; 
Supplementary Table S1
). In fact, the relative abundance of Chitinophagales, mainly composed of ASVs from the Saprospiraceae family, was reduced under TA addition (P = 0.008). In contrast, Cellvibrionales represented by Halieaceae, Porticoccaceae, Spongiibacteraceae and Cellvibrionaceae families responded positively to TA addition increasing their abundance (P = 0.019), alongside Oceanospirillales (mostly Marinomonas sp.) to a lesser extent (P = 0.064).


[image: Box plots showing the relative abundance of various bacterial orders under two conditions, labeled C (orange) and T (blue), divided into Total and Bacterioplankton categories. Total includes Alteromonadales, Cellvibrionales, and others, while Bacterioplankton includes Flavobacteriales and others. The x-axis labels bacterial orders, and the y-axis shows relative abundance percentages.]
Figure 5 | 
Boxplots of abundance of most relevant bacterial orders with mean relative abundance > 2.5% in the multifactorial ANOVA within the total and 769 bacterioplankton communities. C, Control; T, TA addition.




Furthermore, an analysis of the BC community (
Figure 5
; 
Supplementary Table S1
) revealed that only the order Oceanospirillales, composed almost entirely of the Marinomonas genus, was significantly affected by the alkalinity treatment, exhibiting a positive response to TA addition (P = 0.044) (
Figure 5
; 
Supplementary Table S1
).






3.4 OAE effects on extracellular enzymatic activity


LAP activity increased in both communities until t3 under all treatments, with no evident effect of OAE (
Figure 6
). From t3 to t6, responses diverged: in the total community, LAP activity decreased regardless of treatment, while in the bacterioplankton community, activity continued to rise under TA addition but remained stable in the control. By t6, LAP activity was higher in the bacterioplankton community than in the total community. However, the difference between treatments was marginal (P = 0.065; 
Figure 6
). Overall, OAE did not affect LAP in the total community, but led to an increase in the bacterioplankton community under TA addition by the end of the experiment.


[image: Two line graphs depicting enzyme activity over time in days. The left graph shows leucine aminopeptidase activity, peaking at day three and declining by day six. The right graph shows alkaline phosphatase activity, with a steady increase until day six. Both graphs include two lines with different slopes and error bars.]
Figure 6 | 
Extracellular enzymatic activity of LAP and ALP. Peach lines represent the control, and blue lines represent TA addition. Solid lines represent the total community, and dashed lines represent the bacterioplankton community. Bars represent the standard error.




Regarding ALP activity, rates were significantly higher under TA addition treatment compared to the control, increasing 41-fold in the bacterioplankton community and 32-fold in the total community (
Figure 6
). However, by the end of the experiment (t6), this trend persisted in the bacterioplankton community, whereas ALP activity in the total community declined sharply (
Figure 6
).







4 Discussion





4.1 Ecological and physiological impacts of OAE on phytoplankton


This study showed a lower phytoplankton development, mostly composed of diatoms, under OAE but no changes in community composition could be inferred. Given the initially high inorganic nutrient concentrations, diatom dominance was anticipated due to their rapid nutrient uptake (Margalef, 1978; Smetacek, 1999). Although the non-equilibrated OAE strategy employed in this study influenced both pCO2 and pH, it is unlikely that the observed decreased in diatom bloom development was driven by pH changes. In the TA addition treatment, the initial pH increase reached 8.3, which remains well below the threshold considered “safe” in previous studies, where pH levels approached 9 (Chen and Durbin, 1994; Pedersen and Hansen, 2003).


Instead, the bloom decrease might be related to decreased pCO2 concentration (≈ 228 μatm) under TA addition compared the communities from the control (pCO2 ≈ 400 μatm) a known limiting factor in phytoplankton growth (Riebesell et al., 1993). Lab experiments with the diatom Thalassiosira pseudonana reported decreased growth rates on day 8, but only under CO2 non-equilibrated OAE conditions, where DIC levels had declined. No such decrease was observed under CO2-equilibrated conditions (Oberlander et al., 2025). CO2 ingassing is required to counterbalance the drawdown resulting from initial alkalinization. In a real-world scenario, this CO2 depletion would be naturally compensated, meaning the effects reported here likely represent an overestimation.


Previous studies on the effects of OAE on diatoms have yielded contrasting results. A decrease in biogenic silica (BSi) buildup was reported in one study (Ferderer et al., 2022), whereas a separate experiment using a pure culture of the cosmopolitan marine diatom Chaetoceros sp. under CO2-equilibrated OAE found no significant differences in BSi production (Gately et al., 2023). Regarding studies conducted in the North Atlantic, research simulating CO2-equilibrated OAE reported no significant changes in primary production, abundance, or composition of nano- and microphytoplankton under alkalinization conditions similar to those presented here (Marín-Samper et al., 2024; Xin et al., 2024). However, the authors suggest that low nutrient availability, particularly the absence of detectable nitrate and nitrite (NOx) until phase II, may have masked potential OAE effects. In contrast, a study conducted in the North Atlantic Gyre observed a decline in net primary production under OAE conditions (Subhas et al., 2022). Given that inorganic nutrient concentrations are key determinants of phytoplankton community responses to changes in the carbonate system (Bach et al., 2019), it is expected that the findings of this study may differ from those reported in the oligotrophic conditions of the North Atlantic.


Regarding potential byproducts released during OAE via liming that could have contributed to the bloom delay, studies using steel slag for OAE have reported no effects on microphytoplankton (Guo et al., 2024). Given that steel slag contains significantly more impurities than CaO, the notion that OAE via CaO could introduce contaminants appears unfounded. Moreover, some authors suggest that steel slag may have even released trace metals, potentially exerting a fertilizing effect. However, their experimental conditions were not directly comparable to ours, as their initial pH was 7.8 with an fCO2 of 600 µatm, substantially higher than the pCO2 of 400 µatm in our study.






4.2 Ecological and physiological impacts of OAE on bacteria


OAE deployment did not have an overall effect on marine bacteria composition, evidenced by the PERMANOVA results, nevertheless, some bacterial orders were significantly affected. In the total community, where bacteria coexisted with phytoplankton, which provided essential resources to support its growth and development (Amin et al., 2012; Eigemann et al., 2022; Kieft et al., 2021; Seymour et al., 2017), the abundance of Saprospiraceae, was lower under OAE treatment, correlating with the phytoplankton trend. This was expected since the Saprospiraceae family exhibit an epiphytic lifestyle, living attached to particles and other organisms such as algae and filamentous bacteria (Korlević et al., 2021; Miranda et al., 2013; Xia et al., 2008). However, orders Cellvibrionales and Oceanospirillales were present at higher number in the TA addition treatments, hinting at a possible benefit from OAE. Cellvibrionales is a bacterial order commonly found in marine environments (Spring et al., 2015), responsible for degrading organic material from phytoplankton (Delgadillo-Nuño et al., 2023). During a phytoplankton bloom, the bacterial community composition shifts as the bloom progresses. Cellvibrionales have been reported to be more abundant in the early stages of the bloom (Pontiller et al., 2022). In the TA addition treatment, the decrease bloom, evidenced by lower microphytoplankton biomass and reduced nutrient drawdown, likely explains the higher abundance of Cellvibrionales.


Finally, the effect of OAE on Oceanospirillales was more evident in the Bacterioplankton community, where the order was overrepresented, in comparison to the total community. Also, while in the total community, the majority of the ASVs belonged to the Marinomonas genus, other genera were also present like Pseudohongiella sp. and to a lesser extent Neptuniibacter sp, in the bacterioplankton community, Oceanospirillales were almost exclusively Marinomonas sp. strains. In this order, OAE application led to an increase in abundance across both communities, a potential benefit due to the release of co-factors such as trace metals released alongside CaO deployment (Hartmann et al., 2013). Also, while in the total community Oceanospirillales account for approximately 10% of the relative abundance, in the bacterioplankton community under the TA addition treatment, Marinomonas sp. represented about 50% of the ASVs, making the effects of the alkalinization more noticeable. The Marinomonas domination observed in both communities under OAE might have been due to its metabolic versatility like the potential for assimilating nitrate (Maeda et al., 2019).






4.3 Effects of OAE on EEA and remineralization


The effects of OAE on the bacterial remineralization of organic matter were assessed through the activity of extracellular enzymes, namely LAP, involved in the breakdown of naturally occurring peptides (Caruso and Zaccone, 2000) and ALP, responsible for hydrolyzing organic phosphorus compounds into inorganic phosphate (Hoppe, 2003). Our data showed no evidence of the effect of OAE on bacterial LAP activity in the total community. However, there was an increase in LAP activity, although not significant, on the bacterioplankton community. Notably, LAP activity was generally higher in the bacterioplankton community compared to the total community, which is unexpected given that LAP is typically induced by the presence of peptides in seawater (Shindoh et al., 2021) and is often correlated with organic matter produced by phytoplankton (Shi et al., 2019). One explanation for the increase in LAP activity could be attributed to changes in the bacterial composition (Spilling et al., 2023). Furthermore, ALP activity was also stimulated by OAE in both communities, but only persisted on the bacterioplankton community, having dissipated in the total community by the end of the experiment. Although ALP activity is typically triggered under PO4 depletion, no increase in ALP rates were observed in the control treatments. One possible explanation for the observed increase of activity under OAE is the increase in calcium (Ca2+) levels, which acts as a co-factor in the production of the marine alkaline phosphatase PhoX (Kathuria and Martiny, 2011; Sebastian and Ammerman, 2009). ALP activity in bacteria can also be stimulated by carbon depletion (Hoppe, 2003; Hoppe and Ullrich, 1999), which can explain why the activity remained high in the bacterioplankton but dropped in the total community.







5 Conclusion


The results presented in this study report an immediate response of a marine microbial community to the deployment of OAE strategy themed ocean liming. The phytoplankton community, dominated by diatoms, showed reduced development in response to the OAE but no changes in community composition were reported. In contrast, the effects of ocean liming on the bacterial composition were dependent on the type of community, with order Oceanospirillales, mainly the Marinomonas genus increasing in abundance as a response to OAE. Furthermore, OAE led to an increase in the bacterial rates of alkaline phosphatase on both communities. According to our findings OAE might initially affect marine microbial dynamics, highlighting the need for more studies to assess long-term effects of OAE deployment.
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