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Abstract

Ocean Alkalinity Enhancement (OAE) is a promising carbon dioxide removal strategy, but
its ecological impacts on marine microbial communities under varying nutrient conditions
remain poorly understood. We conducted laboratory incubations using a natural North
Atlantic microbial assemblage to investigate the response to OAE under both natural and
nutrient-enriched regimes. We tracked phytoplankton and bacterioplankton dynamics,
biomass, and leucine aminopeptidase (LAP) and alkaline phosphatase (ALP) activity as
indicators of organic matter remineralization. OAE consistently reduced phytoplankton
abundance in both nutrient regimes, potentially due to CO; limitation, resulting in lower
production of phytoplankton-derived organic matter. This reduction was reflected in de-
creased LAP activity and shifts in the relative abundance of phytoplankton-associated
bacterial taxa. These findings indicate that OAE can directly affect phytoplankton through
carbonate chemistry alterations, with potential microbial responses largely mediated by
changes in organic matter availability. While short-term microbial disruptions were modest,
the ecological consequences of altered bloom dynamics should be carefully considered in
future OAE deployment strategies.

Keywords: ocean alkalinity enhancement; marine microbial communities; nutrient
limitation; extracellular enzyme activity

1. Introduction

Mitigation of climate change is urgent, particularly to meet the targets set by the Paris
Agreement, which aims to limit global warming to below 2 °C (ideally 1.5 °C) [1]. To
achieve this goal, global emissions must peak before 2025 and fall by 43% by 2030 [2].
Current emission trajectories, however, remain incompatible with these targets, posing
severe risks to ocean health. As a result, ocean-based carbon dioxide removal (mCDR)
strategies are gaining momentum [3,4].

Ocean Alkalinity Enhancement (OAE) is a mCDR approach that enhances the ocean’s
natural capacity to sequester atmospheric CO, by increasing alkalinity and thereby shift-
ing the carbonate equilibrium toward bicarbonate (HCO;™) and carbonate (CO3%7) ion
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formation [5-9]. Alkalinity can be enhanced through the addition of natural minerals
(e.g., silicates, carbonates) or synthetic compounds like quicklime (CaO) and slaked lime
(Ca(OH);). Among these, CaO addition, often referred to as “ocean liming”, when non-CO;-
equilibrated, offers rapid alkalinity enhancement while simultaneously helping to counter-
act ocean acidification by increasing seawater pH [5,10-12]. However, it also raises concerns
regarding energy demands and CO, emissions associated with its production [13-15].

Although research on the ecological impacts of OAE is expanding, most studies have
focused on carbonate-based, CO;-equilibrated scenarios. This includes recent mesocosm
experiments in the subtropical North Atlantic, which have reported generally limited effects
on phytoplankton physiology, microbial activity, and biogeochemical fluxes under these
conditions [16-19]. Other efforts have tested more realistic deployment scenarios using steel
slag, a CaO-rich byproduct of industrial processes, to assess both biogeochemical impacts
and potential trace metal release [20,21]. While these studies provide valuable findings,
they have largely emphasized phytoplankton responses and primary production [22,23]
with less attention given to bacterioplankton dynamics, which play a crucial role in organic
matter turnover and nutrient regeneration.

This microbial interface, where phytoplankton-derived organic matter fuels het-
erotrophic bacterial activity, is key to understanding how OAE may influence carbon
export efficiency and nutrient cycling. Importantly, environmental context matters: insights
from ocean acidification studies indicate that nutrient availability, particularly phosphate,
can modulate microbial responses [24-26]. This is especially relevant in oligotrophic sys-
tems like the subtropical North Atlantic, where seasonal or episodic nutrient pulses regulate
microbial productivity and remineralization [24]. Furthermore, timing may be critical when
deploying OAE, as ecological outcomes can vary significantly between nutrient-depleted
and nutrient-replete periods [27]. In nutrient-depleted conditions, microbial responses may
differ in ways that affect both ecosystem function and the efficiency of carbon removal.
Finally, interactions with artificial upwelling, a proposed complementary CDR strategy,
could further influence microbial and biogeochemical dynamics [28]. Testing OAE under
varying nutrient conditions can therefore help determine optimal deployment timing and
assess its potential compatibility with artificial upwelling.

In this study, we conducted a laboratory incubation with a natural marine microbial
community from the North Atlantic to evaluate the combined effects of CaO-based OAE and
nutrient availability on microbial ecosystem dynamics. We examined changes in phytoplank-
ton and bacterioplankton community composition and biomass under ambient and nutrient-
enriched conditions, along with the activities of two key extracellular enzymes—leucine
aminopeptidase (LAP) and alkaline phosphatase (ALP)—to assess microbial functional
responses. These two enzymes were selected because they serve as markers of microbial
nutrient cycling: LAP reflects organic nitrogen degradation, while ALP activity is commonly
induced under phosphate limitation. Our aim was to determine how microbial ecosystems
respond to OAE under contrasting nutrient conditions and to explore how baseline nutrient
availability may shape the ecological outcomes of OAE deployment.

2. Materials and Methods
2.1. Sampling Site

The effects of OAE under different nutrient settings were assessed on a natural micro-
bial marine community from the North Atlantic, offshore Terceira Island (38°39'20.3" N,
27°16'54.3"” W), in the Azores on May 2022. Nutrient concentrations at Negrito Bay were
assessed along a shore-to-offshore transect to characterize baseline variability (see Figure 1,
Supplementary Figure S1).
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Figure 1. Map of the sampling area, including five sampling sites at the Negrito Bay, Angra do
Herofsmo. (a) Azores Archipelago location; (b) Azores Archipelago and Terceira Island location;
(c) study location in Terceira Island; (d) Negrito bay, the sampling site, and the transect from A to E
(Spatial data were projected using the WGS84 geodetic datum).

2.2. Experimental Setup

The seawater collected was immediately filtered through a 200 um mesh on site, to
exclude zooplankton and debris, as our focus did not include higher trophic levels. At
the lab, the community was divided into two containers, one corresponding to the natural
nutrient treatment (NN) and another corresponding to the enhanced nutrient treatment
(EN). Specifically, in the NN, no nutrients were added, while in the EN, nitrate and phos-
phate were added at the final concentrations of 80.77 and 3.48 uM, respectively, to prevent
nutrient limitation during the exponential growth phase and ensure that any potential
depletion would occur only in the later stages of the experiment. Silicate was not added,
as ambient concentrations in Negrito Bay were already high (47.81 uM; Supplementary
Figure S1), and previous experiments in this system indicated that silicate limitation was
unlikely under the conditions tested. Initial measurements at t0 confirmed the effectiveness
of the nutrient manipulation, with the EN treatment reaching target nitrate and phosphate
concentrations (Table 1), while the NN treatment reflected background levels typical of
Negrito Bay (see Figure 2). Nutrient regimes were based on a shore-to-offshore transect
at Negrito Bay (Figure 1), which showed modest spatial variability but elevated baseline
nutrient levels (e.g., 7.91 uM NO3~, 0.24 uM PO43~, 47.81 uM Si(OH)y; Supplementary
Figure S1).

Table 1. Inorganic nutrient starting conditions under the two nutrient treatments: natural (NN) and
enhanced (EN).

Nutrient Condition NOj3;~ (uM) PO43~ (uM)  Si(OH)4 (ULM) NO,;~ (uM)

NN 791 0.24 47.81 0.31
EN 80.77 3.48 44.38 0.17
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Figure 2. Temporal development of inorganic nutrient concentrations of: (a) nitrate + nitrite;
(b) phosphate; (c) silicate. Line colors indicate alkalinity conditions (orange = ambient, blue = OAE).
Line shading reflects nutrient treatment (lighter = natural nutrients (NN), darker = enhanced nutrients
(EN)). Symbols denote conditions: plus = ambient NN, triangles = ambient EN, squares = OAE NN,
and circles = OAE EN.

The EN treatment was designed to simulate nutrient-replete conditions, with the
objective of isolating the biological effects of ocean alkalinity enhancement (OAE) from
those caused by nutrient limitation.

Subsequently, from each nutrient treatment, half of the containers obtained were
further manipulated by increasing total alkalinity (TA) by 250 umol kg~! using CaO
(Calcidrata, Portugal). This value was chosen because it has previously been reported to
ensure no precipitation and consequent loss of TA [29]. TA addition was based on the
principle of CaO dissolution, whereby the addition of 1 mole of CaO results in a 2-mole
increase in TA via bicarbonate (HCO3™) formation. To facilitate this process, a highly
alkaline solution with a ATA of 4000 umol kg~! was prepared in filtered seawater and
subsequently added to the OAE containers.

Nutrient manipulation was confirmed by measurements taken at the start of the
experiment (t0). The EN treatment had elevated concentrations of phosphate (3.48 uM)
and nitrate (80.77 uM), while the NN treatment reflected background conditions, with only
0.24 pM phosphate and 7.91 uM nitrate (Table 1). Silica concentrations were similar across
all treatments, ranging from 44 to 48 uM. These values are consistent with those observed
in the Negrito Bay transect (Supplementary Figure S1).

Finally, after all experimental conditions were established, the study was conducted in
microcosms (1 L bottles) without airspace. Four experimental conditions were established
in a 2 x 2 design, combining two nutrient settings (NN and EN) with two alkalinity
conditions (ambient and OAE), with triplicates for each condition and sacrificial sampling
at two points, day 3 (t3) and day 6 (t6), resulting in a total of 24 bottles. Among these, the
NN + ambient treatment was left unaltered, with no nutrient addition and no alkalinization,
and thus represents the closest approximation to a control. The sampling points t3 and t6
were selected based on their relevance to community dynamics. Bottles were incubated in a
climate-controlled chamber under conditions matching those recorded at the collection site
(18 °C, 150 + 10 pmol m~2 s~ ! light intensity, and a 14:10 light/dark cycle). To minimize
experimental bias, bottles were manually mixed and their position changed twice a day.
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2.3. Parameters Evaluated

Carbonate system parameters were sampled at t0, t3 and t6, with TA samples be-
ing syringe filtered (polyethersulfone 0.2 pm pore) prior to analysis and measured with
Metrohm Titrino Plus 848 coupled with an 869 Compact Sample Changer. Final TA values
were corrected against certified reference material supplied by Dickson [30]. Total pH (pHx)
was assessed by glass electrode (WTW, pH 340i) and corrected by TRIS buffer supplied
by Dickson [30]. Lastly, pCO, and additional components of carbonate chemistry were
calculated through the CO2SYS script for excel [31], with salinity, pressure, temperature,
total phosphorus and silica, TA, and pHt as input alongside the equilibrium constants
defined by Lueker [32].

For dissolved inorganic nutrients determination (nitrate, nitrite, phosphate and sili-
cate), samples were collected on t0, t3 and t6 filtered as described above through a 0.2 pm sy-
ringe filter and stored at —20 °C until further analysis. Inorganic nutrients were then deter-
mined by spectrophotometry (Varian Cary 50) according to Hansen & Koroleff, (1999) [33]
and the concentrations obtained from a calibration curve for each nutrient. The precision
for dissolved inorganic phosphate is 0.02 umol L1, for nitrite is +-0.02 pmol L™, nitrate
is £0.1 umol L~! and for silicate the precision is £4% for low values (4.5 pmol L), £2.5%
for intermediate values (45 umol L) and 4-6% for high values (100 umol L7h).

Extracellular enzymatic activity of leucine aminopeptidase (LAP) and alkaline phos-
phatase (ALP) was determined by fluorometric assay based on Hoppe (1983) [34]. The
fluorogenic substrate analogs L-leucine-7-amido-4-methylcoumarin hydrochloride (Leu-
MCA) for LAP and 4-methylumbelliferyl phosphate (MUF-Phos) for ALP were used. Each
substrate was added to 300 uL of sample in black 96-well plates to a final concentration of
32 uM. Samples were incubated in the dark for 3 h at room temperature, and fluorescence
was then measured using a FLUOstar Omega microplate reader (BMG LABTECH, Orten-
berg, Germany). The values obtained were then assessed using a calibration curve using as
standards L-Leucine 7-amido-4-methylcoumarin hydrochloride and 4-Methylumbelliferyl
for LAP and ALP, respectively. For alkaline phosphatase samples and standards, 30 puL of
ammonia-glycine buffer (final pH 10.5, adjusted with NaOH) was added before readings.

The abundance and composition of microphytoplankton (>20 um) was assessed from
Lugol-fixed samples (2%) (Utermohl chamber) through inverted microscopy (Nikon TS100,
Nikon Corporation, Tokyo, Japan) at 200 x magnification, on t0, t3 and t6. Additional
samples were collected to determine the presence of calcifying nanoplankton, specifically
coccolithophores. Samples were taken at t0 and t6, filtered onto cellulose nitrate membrane
filters, washed with low-mineral water, air-dried, and cut at an angle of approximately
30°. The filter pieces were then mounted on glass slides and fixed with Entellan mounting
medium. Coccolithophores were visually identified using a polarization microscope (Leica
DM 2700 P, Leica Microsystems, Wetzlar, Germany).

Lastly, the composition of the bacterial community was analyzed using 16S rRNA gene
metagenomics. Community samples (approximately 90-150 mL) were collected by vacuum
filtration onto 0.22 pm polycarbonate filters (47 mm diameter), which were preserved in
100% ethanol at —20 °C. Prior to DNA extraction, the filters were cut into small pieces. DNA
was extracted using the FastDNA™ Spin Kit for Soil (MP Biomedicals, Irvine, CA, USA),
following the manufacturer’s protocol. The resulting DNA samples were sent to STABVIDA
(Lisbon) for paired-end sequencing of the 165 rRNA gene on the Illumina MiSeq platform,
targeting the V4 region [35] with primers 515F (5'-3": GTGCCAGCMGCCGCGGTAA) and
806R (5'-3": GGACTACHVGGGTWTCTAAT).
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2.4. Data Analysis

All statistical analyses were performed using RStudio (V2025.05.0, Boston, MA,
USA) [36]. A multifactorial ANOVA was conducted with nutrient treatment and alkalinity
treatments as factors, applied to carbonate chemistry parameters, microphytoplankton
abundance and enzymatic activity. Post hoc comparisons were performed using Tukey’s
multiple pairwise comparison test with a 95% confidence interval. Pearson correlation anal-
ysis was conducted to evaluate the strength and direction of linear relationships between
pairs of continuous variables. For the microphytoplankton community, a PERMANOVA
based on Bray—Curtis dissimilarities of Hellinger-transformed abundances was conducted
using the vegan package to assess the effects of OAE and/or nutrient treatment.

For the sequencing data, algorithms in QIIME2 (V2023.5, Boulder, CO, USA) were
used to transform the amplicon libraries to 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). While the bacterial
community, alpha diversity indexes were calculated using vegan package.

Differences among alpha diversity indexes (Shannon H’, Pielou ] (evenness) and Fisher
alpha (richness)) were determined by a multifactorial ANOVA. The significant effects of
OAE within nutrient treatment was 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).

3. Results
3.1. Carbonate Chemistry and Nutrient Conditions

Alkalinity increased consistently across all OAE treatments (Table 2), with compa-
rable magnitudes observed between treatments: TA increased by 177 umol kg~! in the
NN treatment and 170 pmol kg~! in the EN treatment. Thereafter, TA remained stable
throughout the duration of the experiment. This initial increase in TA was accompanied by
increases in total pH of 0.23 (NN) and 0.25 (EN), as well as decreases in pCO, of 182 patm
and 201 patm, respectively.

Table 2. Carbonate chemistry parameters measured throughout the experiment across all treatments.
Values are presented as means with standard errors in parentheses. Sample sizes: TO, n = 1; T3 and
T6,n = 3.

TA (umol kg—1) pH: pCO; (natm) HCO3~ (umol kg—1)

Nutrients Alkalinity TO0 T3 T6 T0 T3 T6 T0 T3 T6 TO T3 T6
NN Ambient 2353 2344 2359 805 805 828 409 399 219 1915 1901 1696
©) (089 (178 (0) (0) (0.06) (0) (2.36) (37.99) (0) (5.82) (2.33)

OAE 2530 2516 2528 828 822 825 227 267 253 1824 1880 1865

(0) (1.39) (0.74) (0) (0) (0) (0) (056) (3.30) (0) (1.65) (4.75)

EN Ambient 2353 2332 2406 8.03 801 8.68 429 445 60 1928 1923 1211
0) (2.25) (3.09) (0 0) (0.03) () (1.65) (5.36) 0) (0.89) (38.53)

OAE 2524 2505 2537 828 824 871 228 257 57 1820 1855 1243

) (173) (720) (0) (0.01) (0 (0) (373) (0.18) (0) (2.35) (59.47)

The two nutrient regimes exhibited clearly contrasting nutrient drawdown patterns
(Figure 2). In the NN treatment, initial phosphate concentrations were low (~0.21 uM)
and rapidly depleted, with a 65-68% reduction by day 3. In contrast, the EN treatment
started with substantially higher phosphate (~3.5 uM), and concentrations remained near
initial levels (0-7% drawdown) by day 3. Nitrate followed a similar trend: in the NN
treatment, concentrations declined from ~8 pM to 4-7 pM by day 3 (20—47% drawdown),
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whereas in the EN treatment they decreased only slightly (5-12%). Under both regimes,
nutrient drawdown was approximately two-fold higher in OAE treatments relative to
ambient on day 3. By day 6, nitrate was nearly exhausted across all conditions (86-96%
drawdown), while phosphate was reduced to near or below detection. Silicate remained
comparatively available, declining only gradually and not becoming limiting during the
experiment (Figure 2c).

3.2. Phytoplankton Dynamics

The initial community abundance of 23 cells mL~! increased a noticeable 6- to 9-fold
from incubation until the middle of the experiment (Figure 3). By the end of the experiment,
phytoplankton abundance differed significantly across treatments, with higher cell num-
bers in the higher nutrient treatment (Figure 3). Importantly, independent of the nutrient
concentrations, there was an OAE effect, decreasing the phytoplankton abundance until
day 6, when all treatments showed phosphate depletion (Figures 3 and 2b).

1.5x10*
. 1.2x10*1
L
€
0
> 9x10%
S
c
o
X
% 6><103'
g
E‘ T
o 1
3)( 103_
0x10° 7 — T 1
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Figure 3. Phytoplankton abundance throughout the experiment. Line colors indicate alkalinity
conditions: orange for ambient and blue for OAE. Line shading reflects nutrient treatment: lighter
lines show natural nutrients (NN), while darker lines indicate enhanced nutrients (EN).

This pattern was reflected in the fold-change dynamics. Under EN conditions, ambi-
ent alkalinity treatments showed a 552-fold increase in abundance by day 6, while OAE
treatments increased by only 371-fold. Under natural nutrient (NN) conditions, ambient treat-
ments increased 178-fold, compared to 57-fold under OAE. These results indicate that both
nutrient availability (p < 0.001) and OAE (p = 0.003) had significant effects on phytoplankton
abundance, with the influence of OAE evident under both nutrient regimes.

Initially, the phytoplankton community (Figure 4) consisted of approximately 40%
coccolithophores, 35% diatoms, 12% dinoflagellates, and 13% unidentified taxa. Over the
course of the experiment, a pronounced shift occurred, with diatoms becoming dominant
(92-98%) and dinoflagellates comprising 1-9% across all treatments with no statistically
significant effects of alkalinity (PERMANOVA, p = 0.302) or nutrient enrichment (PER-
MANOVA, p = 0.132), on community composition. This shift was accompanied by a marked
decline in dissolved silica concentrations by day 6 (Figure 2c).
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Figure 4. Abundance of phytoplankton functional groups (cells mL~!) in the total community at
initial conditions (day 0) and after 6 days under different treatments combining nutrient levels and al-
kalinity. Treatments include natural or enhanced nutrients and ambient or OAE alkalinity conditions.

3.3. Enzymatic Activity

The activity of leucine aminopeptidase (LAP) was undetectable at t0 and showed
similar activity across all treatments mid-experiment (159-205 nmol L' h™!), indicating
no nutrient or OAE effect at that stage. However, by the end of the experiment LAP
increased 10-fold under the EN setting (Figure 5a) compared to the NN treatment (p < 0.001).
Furthermore, under the EN scenario OAE reduced LAP relative to the ambient alkalinity

treatment (p = 0.014).
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Figure 5. Activity rates of: (a) leucine aminopeptidase; (b) alkaline phosphatase. Bar colors indicate
alkalinity conditions: orange for ambient alkalinity and blue for OAE. Line shading reflects nutrient
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Relative Abundance (%)

100

treatment: lighter lines show natural nutrients (NN), while darker lines indicate enhanced nutrients
(EN). Enzyme activity at t0 was below detection. Detection sensitivity was determined by fluorometer
resolution and blank variability.

LAP activity showed a strong positive correlation with phytoplankton abundance
(r=10.93, p < 0.001), supporting a link between phytoplankton biomass and bacterial en-
zyme activity.

Alkaline phosphatase activity was undetectable at the start of the experiment but
peaked by day 3 in the NN treatment under OAE, reaching higher levels (average of
449 nmol L~ h~!) than in all other treatments (23-62 nmol L~! h—1) (Figure 5b). By day
6, however, no significant differences were observed among treatments, despite lower
phosphate concentrations in all treatments (Figure 2b).

3.4. Bacterioplankton Community Structure

Bacterial communities across all treatments were dominated by Proteobacteria, primar-
ily Alteromonadales, Oceanospirillales, and Rhodobacterales, and by Bacteroidota, mainly
represented by Flavobacteriales (Figure 6). Alpha diversity analysis revealed treatment-
specific effects: evenness was slightly reduced in the OAE treatments (p < 0.047), while
richness significantly declined under enhanced nutrient conditions (p < 0.01), as indicated
by multifactorial ANOVA.

Order

Alteromonadales

Babeliales

Bacteriovoracales

C

Methylococcales

Oceanospirillales

Pirellulales

R ales

Caulobacterales

Cellvibrionales

CHAB-XI-27

Chitinophagales

Coxiellales

Cytophagales

Flavobacteriales

JGI_0000069-P22

KIB9A_clade

Legionellales

Rhodospirillales
Rickettsiales
SAR11_clade
SARS86_clade
Thiotrichales
Unknown
Verrucomicrobiales
Vibrionales
Xanthomonadales

Other

Figure 6. Relative abundance of the 20 most abundant orders in the overall dataset. NN- natural
nutrients; EN- enhanced nutrients; A—Ambient alkalinity; OAE—OAE.

Concerning bacterial community composition, no significant effect of OAE was in-
ferred, but instead a significant influence of nutrient enrichment was observed (PER-
MANOVA; p = 0.002). This pattern was held when communities were analyzed separately
within each nutrient condition, with OAE continuing to show no significant impact.
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Although no overall significant effect of alkalinity on the community composition
could be detected, specific microbial orders responded significantly to OAE within each
nutrient treatment.

For instance, Chitinophagales, primarily composed of ASVs from the Saprospiraceae
family, showed a marked decrease in relative abundance under OAE on both nutrient
conditions (Table 3). In the NN condition, Cellvibrionales, composed mainly by the families
Halieaceae, Spongiibacteraceae, Porticoccaceae and Cellvibrionaceae exhibited increased
relative abundances in response to OAE (Table 3). In the EN condition, both Rhodobac-
terales (mosly Rhodobacteraceae) and Flavobacteriales (mainly Flavobacteriaceae) de-
creased in relative abundance under OAE compared to ambient alkalinity (Table 3).

Table 3. GLM results (ANOVA F-tests) showing the effect of OAE on the relative abundance of
dominant bacterial orders (>2.5% mean abundance) under natural (NN) and enhanced (EN) nutrient
conditions. Significant p-values (p < 0.05) are shown in bold. Arrows indicate direction of change
(1 increase, | decrease).

Orders NN p-Value EN p-Value Effect of OAE
Oceanospirillales 0.229 0.798 -
Flavobacteriales 0.764 0.002 J under EN
Vibrionales 0.918 — -
Chitinophagales 0.018 0.007 1 under NN and EN
Alteromonadales 0.718 0.528 -
Cellvibrionales 0.026 - 1 under NN
Rhodobacterales 0.194 0.0391 J under EN

Correlations between phytoplankton abundance and the relative abundance of domi-
nant bacterial orders revealed that Chitinophagales had a moderate, non-significant positive
association with phytoplankton (r = 0.54, p = 0.067), which became significant after ex-
cluding an outlier (replicate 3 from the EN + OAE treatment, where Chitinophagales were
absent; r = 0.76, p = 0.006). Flavobacteriales showed a significant positive correlation with
phytoplankton abundance (r = 0.77, p = 0.003), whereas Cellvibrionales were negatively
associated (r = —0.83, p < 0.0019). Rhodobacterales showed no significant relationship to
phytoplankton (r = -0.079, p = 0.807).

4. Discussion
4.1. Drivers of Phytoplankton Response to Ocean Alkalinity Enhancement

The shift towards diatom dominance in the phytoplankton community was expected
under both nutrient conditions, given the initially high concentrations of nitrate, phosphate,
and silica that favor rapid diatom growth [37]. While OAE had no significant impact on
the overall community composition, it consistently showed lower diatom abundance at the
end of the incubation in both enhanced and natural nutrient scenarios. This difference in
abundance aligns with previous observations of decreased phytoplankton development
under OAE in a similarly non-CO;-equilibrated experiment [38], and is further supported
here by phytoplankton abundance and the OAE induced initial decrease in pCO;,, suggest-
ing that CO; limitation likely contributed to the decreased bloom progression, particularly
in diatoms.

Moreover, the decrease in phytoplankton abundance regardless of the nutrient condi-
tion reported is a novel observation. However, previous non-equilibrated, calcium-based
OAE experiments have documented delays in phytoplankton blooms [39]. This could raise
the possibility that, rather than a true decline in biomass, we might have observed a delay
in phytoplankton development. Yet, the clear nutrient drawdown observed (Figure 2a—c),
particularly phosphate depletion, suggests that the communities had already undergone
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active growth, supporting that we observed an actual reduction in abundance rather than
a delayed bloom. To cope with potential CO, limitation under these conditions, diatoms
likely relied on carbon-concentrating mechanisms (CCMs) to enhance the efficiency of
RubisCO [40,41]. While CCMs do not consume inorganic phosphate (Pi) directly, Pi is
indirectly essential for the energy and metabolic processes required to sustain their opera-
tion. Furthermore, recent laboratory studies have demonstrated reduced growth rates in
Thalassiosira pseudonana under prolonged alkalinization without CO, replenishment [42],
reinforcing the idea that elevated alkalinity and limited pCO, can directly constrain phyto-
plankton growth.

Conversely, lab experiments using CO;-equilibrated conditions reported no change
in Chaetoceros sp. growth [43] and other non-equilibrated OAE studies with higher TA
increases (~300-500 umol kg 1) also found no decrease in phytoplankton abundance [20,22].
Nevertheless, those studies differed in both carbonate chemistry and nutrient conditions,
suggesting that microbial responses to OAE are context-dependent and likely shaped by
site-specific environmental settings.

It is important to note that while we observed consistent reductions in phytoplankton
abundance under OAE conditions, direct measurements of biomass (e.g., chlorophyll a or
particulate organic carbon) were not conducted. Thus, while our data strongly indicates a
suppression of phytoplankton development, particularly among diatoms, we cannot rule
out the possibility of size-structure shifts that could influence total biomass. However, the
strong nutrient drawdown observed across treatments, especially phosphate, suggests that
the communities experienced active growth rather than delayed development, lending
support to the interpretation of a real decline in population-level productivity.

These results highlight that OAE can alter bloom progression even when nutrients are
not limiting. The consistent reduction in diatom abundance across both nutrient regimes
suggests that OAE effects extend beyond nutrient availability and may influence phyto-
plankton community development under different environmental settings.

4.2. Phytoplankton-Mediated Enzymatic Activity Under Ocean Alkalinity Enhancement

Concomitantly with the increase in phytoplankton abundance, LAP activity increased
significantly under nutrient enrichment by the end of the experiment. While this pattern
suggests elevated enzymatic activity during the bloom, it is important to note that the
LAP measured here reflects extracellular enzyme activity, which is primarily of bacterial
origin. Therefore, the increase in LAP is likely a microbial response to enhanced organic
substrate availability from the blooming phytoplankton—particularly leucine-rich com-
pounds commonly released during diatom blooms [44]. This interpretation is consistent
with the dominance of diatoms in the phytoplankton community and the co-occurrence
of diatom-associated bacterial taxa such as Flavobacteriaceae and Saprospiraceae, both
known for degrading high-molecular-weight organic matter [45-47]. While LAP activity
was lower under OAE in the EN setting, this difference was not observed when normalized
to phytoplankton abundance. This suggests that the OAE-driven reduction in LAP activity
was not a direct effect on bacterial enzymatic function, but instead mediated by lower
phytoplankton biomass and, by extension, reduced substrate availability. The potential
mechanisms underlying this phytoplankton-bacteria coupling, including changes in bacte-
rial community structure and the role of diatom-associated taxa, are explored further in
Section 4.3.

The transient increase in ALP activity under OAE in the natural nutrient (NN) setting
coincided with early phosphate depletion (Figures 2b and 5b), consistent with ALP’s role
in mobilizing phosphorus under limiting conditions [48]. By the end of the experiment,
phosphate was depleted across all treatments, and no differences in ALP activity were
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detected between OAE and control groups or between nutrient regimes. These results
could indicate that the observed ALP response to OAE was not a direct effect of alkalinity
enhancement, but rather indirectly driven by changes in microbial community structure
during early phosphorus stress.

4.3. Phytoplankton—Bacteria Coupling Shapes Microbial Responses to OAE

The relative abundance of Flavobacteriaceae and Saprospiraceae was positively cor-
related with phytoplankton abundance, while Cellvibrionales were inversely correlated,
indicating that their responses were not directly driven by the changes in carbonate sys-
tem that result of OAE, but instead mediated through changes in phytoplankton abun-
dance. Since phytoplankton abundance was sensitive to both nutrient enrichment and
OAE—particularly the decreased diatom bloom under OAE—shifts in these bacterial
groups could reflect changes in organic matter availability linked to bloom development.
These findings are consistent with the ecological roles of both taxa: Saprospiraceae are com-
monly epiphytic and associated with algae, particles, and filamentous bacteria [47,49,50],
while Flavobacteriaceae are frequently linked to diatom blooms and known for degrading
high-molecular-weight organic compounds [51]. In contrast, the negative correlation of
Cellvibrionales with phytoplankton abundance suggests an earlier role in bloom succes-
sion, consistent with findings from upwelling systems where Cellvibrionales dominate
during bloom initiation, while Flavobacteriales and Saprospirales become more prominent
during bloom decay and senescence as DOM composition shifts [52]. Rhodobacteraceae
showed reduced relative abundance under OAE but only in the enhanced nutrient set-
ting, a response likely linked to shifts in phytoplankton dynamics. As phytoplankton
succession and the composition of associated dissolved organic matter (DOM) are major
factors shaping bacterioplankton communities [52-54], the abundance in bloom progres-
sion under OAE likely influenced substrate availability and timing, altering conditions for
Rhodobacteraceae proliferation.

These patterns highlight the close ecological coupling between bacterioplankton and
phytoplankton, which supply essential organic substrates and nutrients that support bac-
terial growth and activity [55-58]. This tight interdependence helps explain the observed
correlations between specific bacterial taxa and phytoplankton abundance. Perturbations
to marine biogeochemistry, such as elevated CO, levels and ocean alkalinity enhancement
(OAE), can therefore indirectly shape bacterioplankton community composition and func-
tion by altering phytoplankton bloom dynamics and the quantity and quality of available
organic matter [59-63].

Taken together, our findings suggest that microbial ecosystem responses to OAE are
strongly mediated by nutrient context and phytoplankton-bacteria coupling. This indicates
that the ecological consequences of large-scale OAE deployment are unlikely to be uniform
across environments and should be evaluated within the framework of site-specific nutrient
regimes and microbial dynamics.

5. Conclusions

Our results show that OAE consistently reduced diatom development across contrast-
ing nutrient conditions, leading to reduced phytoplankton-derived organic matter and
downstream effects on microbial enzymatic activity and bacterioplankton composition.
These findings demonstrate that the ecological consequences of OAE are not limited to
carbonate chemistry alone but are influenced by nutrient availability and phytoplankton—
bacteria coupling.

From a broader perspective, this suggests that OAE deployment could alter microbial
ecosystem functioning in ways that are both nutrient-dependent and context-specific. A
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consistent reduction in phytoplankton biomass under OAE conditions raises the possibility
of locally diminished primary productivity, with implications for microbial food web dynam-
ics. While our study was limited to short-term incubations, it underscores the importance of
integrating microbial responses into assessments of OAE feasibility and considering baseline
nutrient conditions when evaluating its ecological consequences.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 / oceans6040065/s1, Figure S1: Inorganic nutrient concentrations
at sampling sites A, B, C, D and E (Negrito Bay).
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