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Abstract Limiting global warming to 1.5°C will require carbon dioxide removal, and Ocean Alkalinity
Enhancement (OAE) is increasingly being explored as a marine carbon dioxide removal pathway. However,
benthic biological responses remain much less constrained than water-column processes and planktonic
responses, even though calcareous benthic foraminifera play important roles in sediment—water interface
biogeochemistry and coastal carbonate budgets. This review synthesizes current understanding of benthic
foraminiferal biomineralization, experimental evidence relevant to elevated alkalinity, and analytical
approaches for detecting OAE-driven changes in test structure and chemistry. Available evidence indicates that
calcification in benthic foraminifera is a tightly regulated, energy-dependent process controlled by the
interaction between inorganic-carbon supply, biological pH regulation, and external carbonate chemistry. While
inverse analogs such as ocean acidification studies provide mechanistic clues regarding species-specific
sensitivities, direct experimental evidence of benthic foraminiferal responses to true OAE conditions remains a
critical knowledge gap. We propose an analytical framework that integrates morphometric measurements, X-
ray diffraction, Raman spectroscopy, SEM/micro-CT imaging, and calibrated geochemical proxies such as
5''B, U/Ca, and selected element ratios to distinguish primary biomineralization responses from redox, nutrient,
and diagenetic overprints. We propose a four-tier framework for geochemical proxies that links primary
carbonate-system indicators with feedstock-related tracers and quality-control metrics for interpreting OAE-
driven perturbations. The framework proposed here enables cross-calibrated workflows for laboratory,
mesocosm, and field settings, supporting evaluation of benthic responses, refining environmental assessment,
and identifying where foraminiferal observations may inform OAE efficacy and benthic feedbacks on alkalinity
retention.

Plain Language Summary To combat global warming, Ocean Alkalinity Enhancement (OAE)—
which involves adding substances like lime or olivine to the ocean to absorb more carbon dioxide—has shown
promise. However, the impact of OAE on marine life, especially on the seafloor, remains underexplored. Our
study focuses on benthic foraminifera as valuable indicators for monitoring the effects of OAE. We show that
the process of building these shells is energy-intensive and highly regulated. Our findings suggest that moderate
increases in ocean alkalinity might reduce the energy costs for these organisms, allowing them to produce
thicker, more resilient shells, particularly in larger foraminifera. We propose a three-stage framework for
assessing foraminiferal responses. The first stage measures shell growth and dimensions, the second quantifies
changes in shell carbonate mass, and the third uses imaging and mineralogical techniques—including SEM,
micro-CT, XRD, and Raman spectroscopy. We also organize geochemical indicators into four functional
groups: carbonate-system proxies, feedstock-related tracers, biomineralization-sensitive indicators, and quality-
control measures. This research is crucial for developing standardized testing methods to predict the long-term
ecological effects of OAE. By incorporating data from foraminifera into OAE monitoring, we can improve our
ability to assess and ensure the success of these climate-mitigation strategies.

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has emphasized that limiting global warming to 1.5°C
above pre-industrial levels will require not only emissions reductions but also carbon dioxide removal (CDR)
approaches (Dale et al., 2024; IPCC, 2021). Among marine CDR options, Ocean Alkalinity Enhancement (OAE)
has received growing attention. Increasing seawater alkalinity enhances the ocean's capacity to absorb
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atmospheric CO, and helps counteract ocean acidification. OAE is also considered potentially scalable and
technically viable because alkaline feedstocks are widely available and several proposed pathways rely partly on
established mineral-processing, chemical-engineering, and electrochemical technologies (Eisaman et al., 2023;
Oschlies et al., 2023; Renforth & Henderson, 2017). Importantly, OAE is not a single intervention. Alkalinity can
be delivered as reactive solids, such as lime (CaO), hydrated lime (Ca(OH),), brucite, or silicate minerals. It can
also be added as aqueous solutions such as NaOH,,,), through coastal enhanced weathering using minerals like
basalt or peridotite, or by electrochemical removal of acid from seawater (Eisaman et al., 2023; Fennel
et al., 2023). These pathways differ in feedstock, dispersal mode, equilibration state, and environmental setting.
As a result, their near-field chemistry and ecological consequences also differ. Such differences are biologically
important. The magnitude and duration of carbonate-chemistry perturbation, and the extent of benthic habitat
exposure, depend on where and how alkalinity is introduced—specifically, whether the intervention remains
confined to the surface water column or directly settles onto the seafloor (Cyronak et al., 2023; Eisaman
etal., 2023). A major technical constraint is secondary CaCOj; precipitation, which consumes added alkalinity and
can reduce net CO, removal efficiency (Moras et al., 2022; Renforth & Henderson, 2017). Experimental work
shows that this risk is strongly controlled by near-field dilution and saturation state. In lime-based systems, rapid
dilution can suppress secondary precipitation (Moras et al., 2022). Shipboard NaOH experiments indicate that
precipitation risk is highest just after alkalinity addition, before dilution and air—sea CO, uptake lowers the
saturation state (Hashim et al., 2025). Recent experiments indicate approach-specific operational ranges: in CaO/
Ca(OH), systems, secondary precipitation was absent near QA = 5 but occurred above about 7, so rapid dilution
below this range is needed to avoid runaway CaCO; formation. Similarly, shipboard NaOH additions of
500-2,000 pmol kg™" also produced mineral precipitation on timescales of hours to days (Hashim et al., 2025;
Moras et al., 2022).

Currently, there is no universal safe operational threshold for OAE. Available experiments provide only pathway-
specific benchmarks. e.g., CO,-equilibrated additions remain stable at substantially wider alkalinity ranges
(e.g., ATA <2,400 pmol kg™' in Hartmann et al., 2023; TA up to ~6,500 pmol kg™ in Suitner et al., 2024). In
contrast, non-CO,-equilibrated additions become unstable at much lower levels (about ATA >1,000 pmol kg™" in
Suitner et al., 2024). Similarly, in pH-equilibrated bicarbonate-enriched solutions, stability over at least three
months was observed when the increase in overall carbon concentration remained below about
1,000-1,500 pmol L™" (Varliero et al., 2024). This highlights that operational limits depend on feedstock,
equilibration state, dilution, and local carbonate chemistry. Exceeding these stability limits can reduce net carbon-
removal efficiency through secondary CaCOj; precipitation and generate environmentally relevant pH excursions.
Unequilibrated additions initially raise pH above ambient conditions, whereas runaway precipitation may sub-
sequently return pH toward, or occasionally below, untreated levels (Camatti et al., 2024; Moras et al., 2022;
Santinelli et al., 2024). Differences among OAE deployment pathways are especially important for calcifying
organisms. Biogenic CaCO; production can alter the fate of added alkalinity and reduce OAE efficiency. Pre-
cipitation of 1 mol of CaCO; removes approximately 2 equivalents of total alkalinity and 1 mol of DIC; by
lowering the TA:DIC ratio, enhanced calcification generally shifts seawater carbonate chemistry toward higher
pCO, and reduces subsequent atmospheric CO, uptake. A global modeling study focused on coccolithophores
estimated that this feedback could reduce cumulative OAE CO, removal through 2,100 by 1.0%-2.8% under
moderate alkalinity addition and by 2%-29% under an extreme scenario (Lehmann & Bach, 2025). Calcifier
responses are therefore relevant to environmental assessment and, where they materially affect alkalinity budgets,
to OAE additionality assessment and supporting MRV (Bednarsek et al., 2025; Ho et al., 2023; Lehmann &
Bach, 2025).

Benthic foraminifera warrant particular attention as sediment—water-interface calcifiers that may respond directly
in some OAE deployment settings. This imbalance matters because only some OAE pathways are likely to
perturb bottom-water or sediment chemistry directly, making benthic receptors such as foraminifera especially
relevant in those settings. Benthic foraminifera, although contributing less to global carbonate production than
planktonic taxa, play a disproportionately important role in many coastal and shallow-marine environments
(Langer, 2008; Schiebel, 2002). Their occurrence at the sediment—water interface makes them important medi-
ators of benthic biogeochemical cycling and carbonate burial. Globally, benthic foraminifera have been estimated
to produce about 0.2 Gt CaCO; yr~!, equivalent to roughly one-quarter of total foraminiferal carbonate pro-
duction, and they may account for 5%-55% of carbonate sediment budgets in neritic and reef settings (Girard
et al., 2024; Langer, 2008). This combination of carbonate production and direct exposure to bottom-water and
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pore-water chemistry makes them particularly well-suited to OAE pathways that perturb benthic habitats. The net
effectiveness of OAE therefore depends, in part, on understanding taxon-specific calcification mechanisms and
their sensitivity to carbonate-chemistry perturbation (Francois et al., 2025; Zeebe & Wolf-Gladrow, 2001).

Benthic foraminifera also possess several practical advantages for investigating OAE-driven change. Their short
life cycles and rapid community turnover make them sensitive bioindicators of environmental perturbation
(Schonfeld et al., 2012). Culture studies also show that reproduction in some larger benthic foraminifera is not
strictly dimorphic: trimorphic life cycles with successive schizont generations have been documented in
symbiont-bearing taxa such as Amphistegina and may help sustain locally adapted populations through repeated
asexual reproduction (Dettmering et al., 1998; Hallock & Reymond, 2022). Environmental conditions can also
influence reproductive expression, as temperature increased pairing frequency in Rosalina leei, reinforcing the
need for OAE culture experiments to track life-cycle stage and reproductive mode alongside calcification and
survival responses (Nigam & Caron, 2000). Because benthic foraminifera naturally inhabit the sediment surface
and shallow infaunal layers, they are well suited to manipulative sediment experiments designed to resolve
benthic responses to altered carbonate chemistry. Experimental studies further demonstrate that dominant taxa
can rapidly adjust their vertical position after disturbance and that intact assemblages can be maintained for
months under laboratory conditions, supporting sediment-based investigations of carbonate-chemistry effects on
life-cycle processes (Guilhermic et al., 2023; Haynert et al., 2014). Their biomineralized shells (tests) also
preserve morphological and geochemical information relevant to carbonate chemistry and calcification, including
isotopic proxies such as 8'°C, 8'%0, and &''B and elemental ratios such as Mg/Ca, St/Ca, and B/Ca (Borrelli
et al., 2018). These properties make benthic foraminifera useful indicators of OAE-driven changes in bottom-
water and pore-water chemistry. They have long been used in paleoceanography and environmental moni-
toring because their tests record valuable information about marine conditions (Schonfeld et al., 2012; Hay-
nert, 2013; Haynert et al., 2014; Stainbank et al., 2020; Daché et al., 2024; Henry, Boukhary et al., 2025; Henry
et al., 2025a). Their fossil record and natural analogs may provide broader context for long-term carbonate-
chemistry sensitivity, but in this review their primary value lies in their use as present-day receptors whose
calcification, survival, test properties, and geochemical signatures can be measured directly under OAE-relevant
conditions (Brown et al., 2011; El-Azabi et al., 2025; Faulkner, 2023; Henry et al., 2025b; Lear et al., 2000, 2010).

Most OAE biological research has focused on pelagic systems, particularly water-column chemistry, planktonic
calcifiers, and modeling approaches, whereas benthic and sediment—water interface responses remain poorly
constrained (Bach et al., 2019, 2023; Faucher et al., 2025; Gately et al., 2023; Groppelli et al., 2026; Her-
moso, 2015; Haynes et al., 2025; Nocera et al., 2025; Traboni et al., 2025). Developing reproducible and com-
parable workflows for benthic foraminifera is therefore essential for their systematic inclusion in OAE
experiments, environmental risk assessment, and supporting monitoring frameworks (Iglesias-Rodriguez
et al., 2023). A major gap in OAE research is the absence of standardized methods for quantifying benthic
foraminiferal responses in laboratory and mesocosm experiments. At present, there is no common framework for
measuring endpoints such as test size, wall thickness, skeletal density, or calcification under elevated alkalinity,
which limits direct comparison among studies. Related morphometric approaches have been used under ocean
acidification, including buoyant weight, test weight, size-normalized weight or area density, and growth metrics
in larger benthic foraminifera (Dissard et al., 2010; Keul et al., 2013; Prazeres et al., 2015), but they have not yet
been systematically adapted or standardized for OAE conditions. A similar limitation applies to geochemical
approaches: although several proxies are available in foraminiferal research, few have been validated specifically
for tracking biomineralization under elevated alkalinity. This dual lack of standardized morphometric protocols
and OAE-relevant proxy validation constrains mechanistic interpretation and hampers reproducibility.

This review synthesizes current knowledge and methodological opportunities for assessing the morphological and
geochemical responses of calcareous benthic foraminifera to ocean alkalinity enhancement. We distinguish OAE
pathways likely to perturb bottom-water or sediment chemistry directly from those whose relevance to benthic
foraminifera is more indirect, and we treat natural analogs primarily as hypothesis-generating context rather than
direct equivalents of present-day OAE deployments (Eisaman et al., 2023; Figures 1-3). Within this framework,
we evaluate morphometric, imaging, and geochemical approaches for their ability to resolve changes in test
structure, biomineralization, and physiological response under elevated alkalinity (Figure 1). Our aim is not
simply to summarize available techniques, but to connect them into a standardized analytical workflow that
supports reproducible experimental design, comparable response variables, and more rigorous interpretation
across laboratory, mesocosm, and field studies (Iglesias-Rodriguez et al., 2023; Riebesell et al., 2023).
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Figure 1. Potential framework for assessing calcareous benthic foraminiferal responses to Ocean Alkalinity Enhancement
(OAE). This conceptual model illustrates the progression from alkaline interventions—such as ocean liming—to shifts in

carbonate chemistry (TAT, pHT, 1) that directly influence biomineralization. Within this framework, calcareous benthic

foraminifera serve as critical bioindicators, exhibiting distinct morphological scenarios: they may develop thin tests under
stress, remain neutral, or undergo thickening as increased alkalinity reduces the energetic burden of internal pH upregulation.
To monitor these responses, a multi-scale analytical toolkit is employed—integrating 3D imaging (micro-CT), mineralogical
analysis (XRD, Raman), and a hierarchical four-tier proxy framework—to support environmental assessment and evaluate
processes relevant to OAE efficacy.

Ultimately, we assess how benthic foraminiferal responses can inform OAE efficacy and environmental risk
assessment and, where calcification feedbacks influence net carbon removal, and environmental monitoring
(Bednarsek et al., 2025; Ho et al., 2023).

2. Methodology

Literature was identified through targeted searches of Web of Science, Scopus, and Google Scholar, supple-
mented by reference-list screening. Search terms combined OAE and carbonate-system manipulation with
foraminiferal biology, biomineralization, experimental platforms (culture, microcosms, mesocosms), and
analytical endpoints (morphometry, imaging, mineralogy, elemental compositions, and stable isotopes; Figure 1).
Studies were included if they reported quantitative morphological or geochemical responses of benthic forami-
nifera under manipulated carbonate chemistry or provided mechanistic or methodological insights directly
applicable to OAE monitoring and interpretation. To establish the mechanistic evidence, base for direct OAE
testing, we also included relevant natural analogs. The principal studies meeting these criteria are summarized in
Figure 3 (Dissard et al., 2010; Dong et al., 2020; Hall-Spencer et al., 2008; Keul et al., 2013; Kuroyanagi
et al., 2021; Mojtahid et al., 2023; Pettit, 2015; Ter Kuile et al., 1989). For each included study, we extracted the
experimental context, organismal scope, and measured endpoints, and synthesized the evidence qualitatively to
summarize current methodological capabilities, identify uncertainties, and define priorities for future research and
monitoring.
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3. Current Understanding, Limitations, and Future Directions
3.1. Current State of Knowledge

Calcareous benthic foraminifera precipitate calcite (CaCO;) within a biologically regulated calcifying space
rather than passively recording bulk seawater chemistry. Chamber formation involves active control of pH,
intracellular transport of Ca>* and dissolved inorganic carbon (DIC), and regulation of carbonate chemistry at the
site of calcification (Bentov et al., 2009; de Nooijer, Toyofuku, Kitazato et al., 2009; de Nooijer et al., 2014;
Francgois et al., 2025; Glas et al., 2012; Toyofuku et al., 2017). In hyaline taxa, seawater-derived vacuoles can
supply Ca®* and DIC, while intracellular amorphous calcium carbonate (ACC) may serve as a transient precursor
to crystalline calcite (Bentov et al., 2009; de Nooijer, Toyofuku, Oguri et al., 2009). These processes are coupled
to proton removal from the calcifying fluid and proton release to the surrounding seawater, allowing foraminifera
to maintain a calcification-site pH above ambient conditions (de Nooijer, Toyofuku, Kitazato et al., 2009; Glas
et al., 2012). Carbonic anhydrase (CA), an enzyme that catalyzes the reversible interconversion of CO, and
HCOj;™, can accelerate inorganic-carbon supply across this pH gradient and indirectly increase carbonate
availability at the calcification site. Inhibition of CA activity strongly reduces calcification in Amphistegina
lessonii and alters elemental incorporation, demonstrating its importance for both shell formation and test
chemistry (de Goeyse et al., 2021, 2024).

This physiological regulation imposes energetic costs that interact with inorganic-carbon availability and external
carbonate chemistry. Maintaining an alkaline calcifying fluid requires energy for proton pumping and ion
transport, whereas greater inorganic-carbon availability and a higher saturation state can make calcite precipi-
tation thermodynamically more favorable (de Nooijer, Toyofuku, Kitazato et al., 2009, 2014; Frangois
et al., 2025; Figure 2). For example, Ammonia tepida appears to maintain a relatively closed calcification system
associated with stronger pH regulation and greater mitochondrial involvement, whereas the symbiont-bearing
Heterostegina depressa shows weaker control of the calcifying microenvironment and greater coupling to
external carbonate chemistry (Francois et al., 2025; Figure 2). Symbiont-derived carbon supply may contribute to
nonlinear calcification responses under altered carbonate chemistry (Frangois et al., 2025). Dammer et al. (2023)
reported the highest culture-level CaCO; production in Amphistegina lessonii and Heterostegina depressa under
moderately elevated pCO,, while A. lessonii formed thicker chamber walls under intermediate than under ambient
or strongly elevated conditions. Thus, benthic foraminiferal calcification is unlikely to respond to pH, DIC, or
saturation state in isolation, but instead reflects the combined influence of inorganic-carbon availability, satu-
ration state.

Available experimental evidence is broadly consistent with this interpretation. In Ammonia tepida, shell weight
decreased with declining carbonate-ion concentration (Dissard et al., 2010; Figure 3). In Ammonia sp. (T6),
experiments that decoupled pH from (CO32_) showed that size-normalized weight and growth were more closely
related to carbonate-ion availability than to pH, DIC, total alkalinity, or pCO, alone (Keul et al., 2013). Ammonia
sp. Showed limited sensitivity to pH alone, whereas the deep-sea species Bulimina marginata and Cassidulina
laevigata formed fewer new chambers under low-DIC conditions (Mojtahid et al., 2023). Earlier work on larger
symbiont-bearing foraminifera also reported enhanced calcification under relatively high-pH conditions, but
these studies should be used as mechanistic context rather than treated as direct analogues of present-day OAE
exposure (Fujita et al., 2011; Ter Kuile et al., 1989).

In the available studies, metrics of calcification intensity have often been more responsive to carbonate-system
change than simple linear-growth measurements. Shell weight, size-normalized weight, density, volume, and
chamber-wall thickness can reveal changes that are not apparent from test diameter or surface-area growth alone
(Prazeres et al., 2015; Kuroyanagi et al., 2021; Ddmmer et al., 2023; Figure 3). In Amphistegina lessonii, reduced
pH lowered buoyant weight and inner-chamber density without strongly affecting lateral surface-area growth,

Figure 2. Mechanistic model of benthic foraminiferal biomineralization and energetic shifts under Ocean Alkalinity Enhancement (OAE). This model illustrates how
elevating seawater alkalinity (TA1) and saturation (Q1) may alleviate the metabolic burden of internal pH upregulation—driven by mitochondrial ATP and proton
pumping—thereby potentially promoting thicker or denser tests in species like larger benthic foraminifera. It contrasts “closed” systems (e.g., Ammonia sp.), which
maintain stable calcification through high energy investment, with “open” systems (e.g., Heterostegina sp.) that are more sensitive to external chemical shifts. Closed
systems (e.g., Ammonia sp.) are predicted to remain relatively stable because calcification is limited by biological pumping rates rather than external € (black double
arrows). Open systems (e.g., Heterostegina sp.) are more responsive to seawater chemistry; higher Q under OAE may lower precipitation costs and allow greater
calcification and wall thickening (green double arrows). Modified after Toyofuku et al. (2017) and Francois et al. (2025).

HENRY AND BASSO

6 of 20

85UB01 SUOLLILIOD BAIIEBID) 3[ed1 dde 81 A PouIBA0B 8.8 SIILE YO 98N JO S3 NI 0y AIRIGIT BUIIUO A3 1M UO (SUO 1 PUOD-PUB-SLLLBY W00 B 1M A.q |PUIIUO//SANL) SUONIPUOD PUE SLLB | 8U) 89S *[9202/60/TT] UO A1 8UIIUO /B]1M 000018 OUE[IAL INIS AISIBAIUN AQ 770600439202/620T 0T/10p/LI00" A8 | Ake.qpuijuo'sandnBe//sdny wioy popeoumod 6 ‘9202 ‘2.2v82se



AF |
M\\I Earth's Future 10.1029/2026EF009044
ADVANCING EARTH
AND SPACE SCIENCES
3 ’ Main Response
Study Species / s Manipulation Range Timescale : Inferred
A ystem 2 ’ (Shell Weight, SNW, Growth, A
(Author, Year) Community Type (PH, [CO5?], Qcyicie) | (exposure / response) | - ensity, Suvival, Assemblage) Driver
Dis?;\(r)(: g)t al. Ammonia tepida Culture (:1026/(?;0(:: :’;I;‘)j’ L?Crgoe Siﬁg'n 1.5 mo; end-point ({V%Tllg(e)i%t"]t) [COs7]
3 I 3
ter Kuile etal. | Amphistegina lobifera | Culture pH pH8.2-8.9 élse Q;elzéfig’h 1 Calcification efficiency pH
(1989) Amphisorus hemprichii| Culture pH pH>84 48 h, over 48 h 1 Calcification markedly pH
: Decoupled pH 7.6-8.32; 59-96 d; 1 SNW & Growth 2
Keul et al. (2013) Ammonia sp. Culture (TAvs Stable-pH) 005-138 end-point (with [CO2]) [CO4%]
Kuroyanagi et al. Amphisorus 10 wk; 6-8 wk growth, | 1 Weight, Volume, Density
(2021) kudakajimensis Culture pH PHT7.7-83 10 wk end-point (with pH) PH/Q
Pett (2015) | Community (LBF) [Field Seep| CO, Gradient | pHB8.A—»~7.7 |hora seeh &Xposure *Agi‘g:"t‘,ﬁg‘;ﬁ;ﬁ““ Q/pH
Hall-S; : : . Natural B
< (20%%r;cer Community Field Seep| CO, Gradient pH8.1 - 6.6 ;32%?6_8268876:338;;5 Aglg(I:uEtliI::::g:lsomte Q/pH
Mojtahid et al. ; Decoupled pH7.6-8.4; ~45 d: end-point (RGN -
(2023) Ammonia sp. Culture (DICITA) DIC 879-7131 ; énd-poin Survival/Growth (Neutral) Resilience
Mojtahid et al. - ol Decoupled Low DIC o . (e Carbonate
(2023) Bulimina | Cassidulina | Culture (Low DIC) (879 pmol kg") 45 d; end-point | Calcification Availability
D%ggze(g)al. Microcosm PH pH 6.5-8.5 4 mo; end-point 1 Abundance & Proportion pH

Main Response: Green = Positive (1), Red = Negative (}), Grey = Neutral (—)

Figure 3. A comparative synthesis of benthic foraminiferal calcification and survival across carbonate chemistry regimes, integrating culture, field seep, and microcosm
studies. Results indicate that acidified or low-DIC conditions commonly reduce shell weight and community diversity (red), whereas elevated pH and carbonate
availability generally promote neutral to positive calcification responses (gray—green). These patterns underscore species-specific resilience and identify carbonate ion
concentration as a key control on foraminiferal physiological performance. Timescale denotes total exposure duration and, where available, approximate response
timing; h = hours, d = days, wk = weeks, mo = months, end-point = assessed at the end of the experiment, and natural seep gradient = field assemblages sampled along
persistent CO,-seep conditions rather than controlled-duration exposures.

while micro-CT resolved changes in chamber-wall thickness that would have remained undetected using linear
measurements alone (Dammer et al., 2023; Prazeres et al., 2015). Amphisorus kudakajimensis likewise showed
coordinated declines in shell weight, volume, and density under acidified conditions (Kuroyanagi et al., 2021). At
the assemblage level, microcosm and shallow-water CO,-seep studies report lower representation of calcareous
taxa and greater prominence of agglutinated forms under more corrosive conditions, although these natural an-
alogues also integrate ecological and geochemical influences beyond carbonate chemistry alone (Dias et al., 2010;
Dong et al., 2020; Hall-Spencer et al., 2008; Pettit, 2015).

Taken together, available studies indicate that calcification metrics in several calcareous benthic foraminiferal
taxa are higher under less corrosive, more carbonate-rich conditions, although the magnitude and direction of
response vary with taxon, life strategy, and the carbonate-system variable being manipulated. Moderate alkalinity
enhancement could reduce the energetic cost of maintaining an alkaline calcifying fluid in some species
particularly larger benthic foraminifera (Figure 2); yet this remains a testable hypothesis rather than a general
prediction. Its relevance is greatest for OAE pathways that directly modify bottom-water or pore-water chemistry;
surface-water interventions involving little benthic exposure may produce limited or delayed responses.

3.2. Integrated Analytical Framework for OAE-Related Foraminiferal Responses
3.2.1. Framework Overview

The three-tier framework progresses from high-throughput growth screening in Tier 1 to size-normalized
calcification measurements in Tier 2 and structural or mineralogical attribution in Tier 3 (Figure 4). Its end-
points derive from ocean-acidification and decoupled carbonate-system studies used as mechanistic inverse
analogs for direct OAE testing. Where chemical attribution is required, elemental and isotopic analyses can relate
observed changes to carbonate-system perturbation, feedstock chemistry, biomineralization, or environmental
overprints.
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Figure 4. Proposed three-tier morphological—structural framework for assessing benthic foraminiferal responses under OAE-
relevant carbonate-chemistry perturbations (Dissard et al., 2010; Dong et al., 2020; Keul et al., 2013; Kuroyanagi et al., 2021;
Prazeres et al., 2015). A conceptual stratification of morphological metrics based on their sensitivity to carbonate chemistry
perturbations, derived from culture and microcosm experiments. (bottom) Tier 1: Linear dimensions (e.g., maximum
diameter). are the screening metrics. Studies on Amphistegina lessonii indicate that lateral growth can be decoupled from
calcification stress, maintaining extension rates even while shell mass decreases (Prazeres et al., 2015). These features are
often driven more by temperature than by saturation state (Kuroyanagi et al., 2021). (middle) Tier 2: Bulk calcification
metrics, such as Size-Normalized Weight (SNW) and Buoyant Weight, show mass-based quantification. SNW positively
correlates with carbonate ion concentration (CO32_) in Ammonia sp., attribution to wall thickness or skeletal density requires
Tier 3 analysis (Dissard et al., 2010; Keul et al., 2013; Prazeres et al., 2015). (top) Tier 3: Micro-structural and quality metrics
represent microstructural/mineralogical attribution. Utilizing Micro-CT, this tier detects cryptic alterations such as 3D
density loss and inner chamber volume reduction (Kuroyanagi et al., 2021). It also includes deformity frequency, which
increases significantly under chemical stress (Dong et al., 2020).

3.2.2. Tier 1: Linear Dimensions and Growth Responses

Tier 1 provides a rapid, high-throughput screen of whether OAE exposure alters gross test development.
Maximum test diameter, projected area, chamber addition, and linear or surface-area growth can be measured
across many specimens and treatments, preferably using standardized, non-destructive imaging protocols
(Démmer et al., 2023; Keul et al., 2013; Prazeres et al., 2015). Gross abnormalities may be noted during screening
(Dong et al., 2020), but systematic assessment of test deformities is undertaken in Tier 3. Tier 1 measurements
should not be treated as direct estimates of calcification, because linear growth may remain unchanged despite
changes in test weight, density, or wall thickness (Dammer et al., 2023; Kuroyanagi et al., 2021; Prazeres
et al., 2015).

3.2.3. Tier 2: Bulk Calcification Responses

Tier two quantifies mass-based calcification using test weight, size-normalized weight or area density, and
buoyant weight, which can reveal responses not apparent from linear or surface-area growth alone (Dissard
et al., 2010; Keul et al., 2013; Prazeres et al., 2015). Because normalization procedures vary among taxa and
studies, test mass should be normalized using an explicitly defined and taxon-appropriate size metric rather than a
universal formula.

3.2.4. Tier 3: Microstructure, Mineralogy and Test Quality

Tier 3 uses complementary microstructural, mineralogical, and compositional methods to explain mass-based
responses detected in Tier 2 and to investigate test alteration, particle adhesion, or secondary mineral forma-
tion where these are primary study questions (Figures 4 and 5). Bulk measurements of Tier 2 cannot distinguish
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Figure 5. Analytical toolbox for benthic foraminiferal biomineralization: Methods versus diagnostic capabilities. This integrated matrix categorizes established
analytical techniques to detect physiological and structural shifts in benthic foraminifera under environmental perturbations like Ocean Alkalinity Enhancement (OAE).

whether changes in test mass arise from wall thickness, skeletal density, chamber volume, dissolution, or sec-
ondary deposition, and they may miss localized deformation or structural damage.

Micro-CT and SEM provide complementary three- and two-dimensional evidence of structural change. Micro-
CT non-destructively quantifies test volume, chamber architecture, and wall thickness and, when combined
with test mass and standardized image segmentation, can estimate apparent skeletal density (Figures 4 and 5). In
OAE experiments, these measurements can help determine whether a bulk-calcification response reflects altered
chamber volume, wall thickness, the distribution of mineralized material, or test integrity. SEM complements this
analysis by resolving surface preservation, pore morphology, lamellar structure, dissolution, deformation, and
overgrowth at finer spatial scales (Guaman-Guevara et al., 2019). Focused-ion-beam SEM observations further
show that foraminiferal tests comprise layered biocalcite separated by organic interfaces and nanoscale voids,
providing a microstructural basis for interpreting OAE-related changes in wall integrity and mineral deposition
(Nagai et al., 2018). Ocean-acidification studies demonstrate the value of this combination in application to OAE:
surface-area growth may remain comparatively stable even when buoyant weight, test density, volume, or wall
thickness changes (Dammer et al., 2023; Kuroyanagi et al., 2021; Prazeres et al., 2015).

XRD and Raman spectroscopy complement microstructural analysis by resolving mineral phase and crystalli-
zation pathway. XRD detects bulk CaCO; phases and evaluates crystal order from phase-specific peak positions
and broadening. In OAE experiments, XRD can test whether foraminiferal tests retain their expected primary
mineralogy. It also determines whether structural or mass changes are accompanied by altered crystal order
(Bassinot et al., 2004; Cotton et al., 2020) or secondary CaCOj; phases, which may form above analytical
detection limits due to high saturation states or OAE feedstocks. Because conventional powder XRD often re-
quires pooled material and provides limited spatial information, it could be interpreted alongside spatially
resolved mineralogical and compositional methods, particularly Raman spectroscopy, SEM-EDS, and EPMA.
Raman spectroscopy complements this bulk assessment through non-destructive analysis of mineral identity,
lattice disorder, and poorly crystalline carbonate phases, including ACC (Kim et al., 2021). It can distinguish
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CaCO; polymorphs and map crystal disorder and Mg-related spectral heterogeneity across chamber walls and
growth structures (Alves et al., 2023; DeCarlo et al., 2019; Dubicka et al., 2023; Wehrmeister et al., 2009). Raman
can therefore test whether elevated alkalinity modifies the distribution, persistence, or conversion of ACC into
crystalline calcite during shell formation (Dubicka et al., 2023, 2025; Mass et al., 2017).

SEM-EDS and EPMA provide the compositional attribution needed to interpret these structural and mineralogical
observations. SEM-EDS supports rapid qualitative or semi-quantitative mapping, whereas EPMA provides more
robust quantitative elemental mapping and lower detection limits than SEM-EDS for many elements. In OAE
experiments, these methods can identify chemically distinct residual feedstock particles and Mg-, Fe-, or Si-rich
coatings. Distinguishing primary test calcite from compositionally similar secondary CaCOj5 precipitates requires
integration with spatial, textural, and mineralogical evidence from SEM, Raman, or XRD. This distinction is
important because externally deposited material could increase test mass or alter surface appearance without
representing enhanced foraminiferal calcification. Elemental mapping helps establish whether the observed
response primarily reflects altered biomineralization or external mineralogical overprinting. It therefore provides
the transition from the morphological-structural tiers to the geochemical proxy framework.

3.3. Application, Usability, and MRV Relevance of the Three-Tier Framework

The proposed framework is modular and question-driven; individual studies need not apply every tier. It ad-
dresses four sequential questions: does OAE exposure alter gross foraminiferal test development; does it change
test carbonate mass; what structural or mineralogical process underlies the response; and does the signal reflect
biomineralization rather than dissolution, adhered feedstock, or secondary mineral precipitation? Laboratory
experiments provide the most controlled setting for calibrating species-specific responses to alkalinity source,
treatment intensity, equilibration state, exposure duration, and interacting environmental variables. Experimental
designs should include replication, standardized endpoints, multilevel treatment gradients, and pathway-specific
secondary-precipitation thresholds (Dupont & Metian, 2023; Iglesias-Rodriguez et al., 2023). Applied modularly,
Tier 1 screens test development, Tier two quantifies mass-based responses, and Tier 3 resolves their structural or
mineralogical basis. Tier 3 specimens should be selected using predefined, balanced criteria representing controls
and all treatment levels.

Mesocosm and field applications require greater attention to ecological complexity and exposure attribution.
Benthic mesocosms are especially relevant to particulate OAE because feedstocks may alter sediment properties,
pore-water chemistry, trace-metal availability, and habitat conditions (Riebesell et al., 2023). Field studies should
be limited to settings with plausible benthic exposure and include pretreatment baselines, appropriate reference
areas, and concurrent measurements of bottom-water and pore-water carbonate chemistry (Cyronak et al., 2023).
Temporal attribution further requires living or recently active specimens, newly formed foraminiferal test ma-
terial, or other evidence that the response developed during exposure.

The three-tier framework can inform the monitoring component of MRV and constrain additionality-related
feedbacks where benthic calcification or secondary precipitation affects OAE efficiency. Precipitation of
CaCO; reduces the atmospheric CO, uptake attributable to alkalinity addition (Ho et al., 2023; Schulz
et al., 2023). Scaling these observations to benthic carbonate-production fluxes would additionally require in-
dividual production rates, species composition and specimen abundance, life-stage composition, population
turnover, and adequate spatial and temporal coverage. The framework can therefore identify and constrain
processes relevant to OAE additionality, but it cannot independently quantify their ecosystem-scale effect.
Assemblage composition provides a complementary ecological indicator of environmental change (Carneiro
et al., 2026; Koukousioura et al., 2011; Murray, 2006; Schonfeld et al., 2012); combined with the three-tier
framework, it offers standardized biological and mineralogical evidence for the monitoring component of
broader OAE assessment.

3.4. Elemental and Isotopic Framework

To synthesize proxy behavior under OAE, Table 1 groups available geochemical indicators into four functional
tiers: primary carbonate-system proxies, feedstock- or major-ion tracers, species-sensitive biomineralization
proxies, and contextual or quality-control proxies.
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Among trace-element proxies, U/Ca is one of the more mechanistically grounded indicators of carbonate-system
change in benthic foraminiferal calcite. Experimental and core-top studies show that uranium incorporation
generally decreases as seawater [CO5>"] and calcite saturation state increase, reflecting the greater stability of
dissolved uranyl-carbonate complexes under more alkaline conditions (Keul et al., 2013; Levin et al., 2015;
Raitzsch et al., 2011; Russell et al., 1996). In cultured Ammonia sp., the uranium partition coefficient declines
systematically with rising (CO,>7), independent of pH, supporting the interpretation of U/Ca as a proxy for
carbonate ion availability rather than pH alone (Keul et al., 2013). Comparable negative correlations between U/
Ca and carbonate saturation have also been reported in deep-sea benthic taxa such as Planulina wuellerstorfi and
Cibicidoides mundulus (Raitzsch et al., 2011; Russell et al., 1996). In the context of OAE, this makes U/Ca a
promising candidate for tracking alkalinity-driven shifts in carbonate chemistry, especially in settings where
bottom-water or pore-water (CO,>7) is expected to change directly. However, its application under OAE requires
careful screening and calibration. Post-depositional coatings enriched in uranium and manganese can artificially
elevate U/Ca, particularly in reducing sediments, so rigorous cleaning and exclusion of specimens with elevated
Mn/Ca are essential to isolate lattice-bound uranium (Chen et al., 2017). In addition, interspecific differences in
uranium partitioning mean that U/Ca should not be transferred uncritically among taxa (Keul et al., 2013;
Raitzsch et al., 2011). Because some OAE pathways may also modify benthic redox conditions, it is important to
distinguish primary biomineralization signals from secondary authigenic U enrichment (Boiteau et al., 2012).
Used in this way, and ideally alongside complementary carbonate-system proxies such as S/Ca, benthic fora-
miniferal U/Ca may help evaluate whether alkalinity enhancement produces detectable local increases in car-
bonate ion availability over deployment-relevant timescales in settings where bottom-water or pore-water
chemistry is modified directly. In this context, such changes may provide indirect evidence that added alkalinity is
being retained locally in geochemically effective form.

''B remains one of the most promising proxies for tracking pH change under OAE. Its incorporation is linked to
the acid—base equilibrium between boric acid and borate in seawater, with foraminifera preferentially incorpo-
rating the borate species into calcite, so that test 8''B reflects ambient pH (Foster & Rae, 2016; Rae et al., 2011).
Supporting natural-analog evidence from CO,-seep settings shows that 8''B in Amphistegina lessonii decreases
with declining pH, whereas B/Ca and Ba/Ca vary more strongly among species and show less direct coupling to
carbonate chemistry (Pettit, 2015). Epifaunal benthic taxa such as Cibicidoides wuellerstorfi, Cibicidoides
mundulus, and Planulina ariminensis commonly record values close to the calculated 8''B of seawater borate at
bottom-water pH, whereas infaunal taxa more often reflect pore-water pH and sedimentary respiration effects
(Clarkson et al., 2015; Rae, 2018; Rae et al., 2011). In the context of OAE, 8''B is therefore potentially valuable
for detecting local pH elevation in benthic settings directly exposed to alkalinity perturbation. However, species-
specific vital effects, habitat differences, and incomplete calibration across taxa still limit its transferability. 8''B
is thus best applied as a calibrated component of a multi-proxy framework, rather than as a universal stand-alone
indicator of OAE response.

Li/Ca is a potentially useful proxy for carbonate saturation in benthic foraminiferal calcite. Existing studies
indicate that Li/Ca increases with enhanced calcite saturation and carbonate ion availability, supporting the
interpretation that Li incorporation is sensitive to bottom-water carbonate chemistry rather than temperature alone
(Dawber & Tripati, 2012; Lear et al., 2010; Lear & Rosenthal, 2006). In particular, paired Mg/Ca-Li/Ca ap-
proaches suggest that Li/Ca may help isolate the saturation-state component of test chemistry where Mg/Ca
remains more strongly influenced by temperature (Lear et al., 2010). In the context of OAE, this implies that Li/
Ca could prove useful for assessing whether alkalinity enhancement produces detectable increases in carbonate
saturation in benthic settings directly exposed to modified bottom-water chemistry. Li/Ca should therefore be
regarded as a promising proxy, best applied alongside complementary carbonate-system indicators rather than as
a stand-alone measure.

Na/Ca and K/Ca are better viewed as contextual major-ion proxies than as primary indicators of benthic fora-
miniferal response to OAE. Although Na/Ca has historically been linked to salinity (Mezger et al., 2016; Wit
et al., 2013), recent calibration work on the larger benthic foraminifer Amphistegina lessonii suggests that Na
incorporation is influenced more strongly by seawater Ca>* than by salinity itself, while remaining largely
insensitive to temperature (Pacho et al., 2024). This makes Na/Ca potentially relevant for OAE pathways that
measurably modify seawater Ca>*/salinity relationships, such as calcium-based dissolution scenarios, but
probably less useful as a general OAE proxy across all deployment modes. In the same study, K/Ca behaved as a
more direct recorder of seawater K and appeared comparatively insensitive to Ca®* and temperature (Pacho
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et al., 2024). In this context, Na/Ca and K/Ca may be useful as supporting tracers of feedstock-related changes in
seawater major-ion composition, but their applicability to OAE remains strongly pathway- and site-specific.

The Ca isotopic composition of benthic foraminiferal calcite (5**/*°Ca) is controlled primarily by the isotopic
composition of seawater Ca and by species-specific biological fractionation during calcification, with benthic
tests typically offset to lower values than seawater (Griffith & Fantle, 2020; Gussone et al., 2003; Gussone &
Filipsson, 2010; Gussone & Heuser, 2016). Because Ca isotopes are generally less sensitive to post-depositional
overprinting than many element ratios, §**/*°Ca may provide useful complementary information where carbonate
dissolution, recrystallization, or calcium-source perturbation is a concern (Fantle & DePaolo, 2007; Fantle &
Higgins, 2014). In the context of OAE, however, its applicability is likely to be limited to pathways that
measurably modify seawater Ca isotopic composition, such as dissolution of calcium-bearing minerals or car-
bonates, rather than alkalinity additions that do not substantially perturb Ca supply. Furthermore, the vast global
inventory and long residence time of seawater Ca (~1 Myr) heavily buffer the ocean's overall isotopic compo-
sition (Fantle & Tipper, 2014). Therefore, while local seawater chemistry responds immediately (within hours to
days) to an OAE calcium addition, the rapid dilution and modest size of these short-term perturbations mean that
§*/*°Ca is unlikely to function as a general OAE monitoring proxy. Accordingly, §*//*°Ca is best reserved as a
specialized local tracer for calcium-bearing deployment pathways and interpreted alongside more direct
carbonate-system proxies such as 6“B, U/Ca, or B/Ca.

Mg/Ca and Sr/Ca are among the most widely used element-to-calcium ratios in benthic foraminiferal calcite, but
both are strongly species-dependent. Mg/Ca is classically used as a bottom-water temperature proxy, yet
experimental work shows that it may also respond to seawater Ca>* concentration, calcite saturation state, and
broader carbonate-system conditions in some taxa (Elderfield et al., 2006; Lear et al., 2000; Raitzsch et al., 2010;
Rosenthal et al., 2006). In Ammonia tepida, however, no measurable Mg response to (CO5>7) was observed under
pCO, manipulation (Dissard et al., 2010). Culture studies further show contrasting responses: Mg incorporation
decreases with increasing Ca®* and Qcalcite in the low-Mg species A. tepida, whereas in the high-Mg species
Heterostegina depressa Mg/Ca changes little but Sr partitioning increases with Qcalcite (Raitzsch et al., 2010).
These patterns indicate that Mg and Sr incorporation reflect both external carbonate chemistry and biological
regulation of the calcifying fluid (de Nooijer et al., 2014). Low-Mg taxa likely reduce Mg incorporation through
stronger physiological control, whereas high-Mg taxa appear more responsive to ambient seawater chemistry
(Segev & Erez, 2006; Raitzsch et al., 2010; Table 1). Because current OAE applications involve short-term
releases and field trials rather than long-term geological timescales, tracking foraminiferal Mg/Ca in these
contexts is not intended for temperature reconstruction. Instead, it serves as a direct, short-term sensor of altered
seawater chemistry. In the context of OAE, Mg/Ca and St/Ca should therefore not be interpreted as simple re-
sponses to pH, DIC, or saturation state alone. Their application under elevated alkalinity requires species-specific
calibration and explicit consideration of how external seawater chemistry is translated into the regulated calci-
fying fluid. In pathways using Mg-rich feedstocks such as Mg(OH),, local seawater Mg/Ca and precipitation
conditions may also be transiently modified, but these effects are most relevant to deployment settings with direct
benthic exposure (Hartmann et al., 2023; Pacho et al., 2024).

Sr/Ca also shows species-specific sensitivity to carbonate-system change, but its response appears to depend
strongly on how external conditions are translated into the regulated calcifying fluid. In some cultured taxa,
including Heterostegina depressa and Ammonia tepida, Sr uptake increases with higher Qcalcite and (CO32_)
(Dissard et al., 2010; Raitzsch et al., 2010). However, Jia et al. (2024) showed that in low-Mg benthic species such
as Cibicides wuellerstorfi and Cibicidoides mundulus, St partitioning is strongly buffered by internal pH regu-
lation and ion transport, which maintain a highly supersaturated calcifying fluid despite changes in external
seawater chemistry. This implies that Sr/Ca under OAE may not respond directly to external Q or [CO5%7], but
instead to the extent to which elevated alkalinity alters the chemistry of the internal calcification environment.
Additional culture evidence reinforces this species dependence: Sr/Ca correlates with DIC and bicarbonate in
shelf Ammonia sp. But shows no significant relationship in the deep-sea species Cassidulina laevigata (Mojtahid
et al., 2023). St/Ca should therefore be used cautiously in OAE studies and only with species-specific calibration
and, where possible, biomineralization-based interpretation.

Among the additional element-based proxies considered for OAE studies, S/Ca is one of the more mechanistically
promising indicators of carbonate chemistry in benthic foraminiferal calcite. Culture experiments show that S/Ca
generally increases with increasing pCO, and decreasing (CO,%7) and pH, while remaining relatively insensitive
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to salinity, supporting its interpretation as an inverse proxy for carbonate ion concentration when species-specific
calibrations are available (Berry, 1998; van Dijk et al., 2017). In cultured Amphistegina gibbosa and Sorites
marginalis, S/Ca rose systematically under more acidified conditions, consistent with greater sulfate incorpo-
ration into calcite as carbonate availability declined (van Dijk et al., 2017). Subsequent work indicates that sulfur
incorporation is influenced not only by lattice-level SO,> substitution for CO32_, but also by biomineralization
processes, particularly proton-pump activity that modifies pH at the site of calcification (van Dijk et al., 2019).
Microscale observations further show that S and Mg are co-located in banded calcite domains associated with
organic linings, supporting the view that sulfur incorporation is linked to biologically regulated calcification
pathways rather than to external temperature alone (van Dijk et al., 2019). In principle, this suggests that benthic
foraminiferal S/Ca could decline under OAE if elevated alkalinity increases (CO32_) and saturation state at the
site of calcification. However, conflicting responses in other taxa indicate that this proxy is not yet universally
transferable, and recent proposals such as the S/Mg ratio should still be regarded as promising proxy for benthic
OAE applications (Karancz et al., 2024).

B/Ca provides potentially complementary information on carbonate chemistry, but its behavior is strongly
species-dependent and presently less robust than 8''B for pH reconstruction. Its application to OAE therefore
requires careful calibration and is best interpreted alongside boron isotopes rather than as a stand-alone proxy.

Cd/Ca, Zn/Ca, Mn/Ca, U/Mn, and Al/Ca are best treated as environmental context or screening proxies rather than
direct indicators of alkalinity enhancement. Cd/Ca and Zn/Ca primarily reflect nutrient distributions, with some
secondary sensitivity to carbonate saturation under more corrosive conditions, but their response above that range
appears limited (Marchitto et al., 2000, 2002; Rosenthal et al., 2006). Mn/Ca and U/Mn are more useful for
identifying redox overprints and possible authigenic coatings, while Al/Ca serves mainly as a check on residual
clay contamination and cleaning efficiency (Boiteau et al., 2012; Rosenthal et al., 2006). Used together, these
ratios can help distinguish primary biomineralization signals from changes driven by productivity, redox,
diagenesis, or sediment contamination. For OAE studies, their main value is therefore interpretive: they improve
confidence that observed changes in primary carbonate-system proxies reflect benthic exposure to alkalinity
perturbation rather than secondary environmental or post-depositional effects (Boiteau et al., 2012; Detlef
et al., 2020; Rosenthal et al., 2006).

Benthic foraminiferal 8'*C primarily reflects the isotopic composition of ambient dissolved inorganic carbon
(DIC) and is therefore most useful for interpreting bottom-water ventilation, organic-matter remineralization, and
microhabitat effects. Epifaunal taxa such as Cibicidoides wuellerstorfi commonly record values close to the §'*C
of bottom-water DIC, whereas infaunal taxa such as Uvigerina are typically depleted because they calcify in pore
waters enriched in '>C from organic-matter respiration (Hoogakker et al., 2024; Schmittner et al., 2017).
Additional species-specific vital effects arise because foraminifera do not calcify in simple inorganic equilibrium
but modify carbon speciation at the site of calcification through proton pumping and selective use of dissolved
carbon species (Hesse et al., 2014; Toyofuku et al., 2017). CA-mediated inorganic-carbon processing may further
modulate this response by accelerating interconversion among dissolved carbon species and facilitating CO,
supply to calcification (de Goeyse et al., 2021, 2024). In the context of OAE, 8'>C is therefore unlikely to serve as
a direct stand-alone tracer of alkalinity enhancement. Instead, its main value lies in helping to distinguish
carbonate-system perturbations from concurrent changes in DIC source, ventilation, or benthic remineralization.
Under elevated alkalinity, shifts in DIC speciation may slightly modify benthic foraminiferal 'C, but proton-
pumping, enzymatic buffering by CA, and preferential CO, use are likely to damp or complicate that response
rather than produce a simple direct OAE signal (Schmittner et al., 2017; Toyofuku et al., 2017). Used alongside
more direct carbonate-system proxies such as 8''B, U/Ca, or S/Ca, 5'>C may help separate OAE-related chemical
signals from broader environmental variability.

The stable oxygen isotope composition (5'%0) of benthic foraminiferal calcite primarily reflects bottom-water
temperature and the 8'%0 of seawater, which is influenced by hydrography, salinity, and ice-volume effects
(Bemis et al., 1998; Shackleton, 1974). For this reason, 8'%0 is not expected to respond directly to alkalinity
enhancement in the same mechanistic way as carbonate-system proxies such as 8''B or U/Ca. In controlled
experiments, it can instead serve as a stability check to confirm that observed geochemical changes are not simply
caused by unintended temperature or water-mass variability. In field or sediment-based studies, departures from
expected 8'%0 relationships may also help identify diagenetic overprinting or secondary precipitation, particu-
larly when interpreted together with other indicators such as &'*C, U/Ca, Mn/Ca, or B-based proxies (Marchitto
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et al., 2014). Under OAE, §'80 should therefore be treated primarily as a contextual and quality-control proxy
rather than as a direct recorder of alkalinity addition.

4. Conclusion

Calcareous benthic foraminifera can serve as sensitive indicators of OAE-driven change in benthic environments
because their biomineralization is tightly regulated, energy-dependent, and responsive to carbonate-system
perturbation. Current evidence suggests that moderate alkalinity increases may reduce the energetic cost of
calcification in some taxa, particularly larger benthic foraminifera and under specific exposure settings; However,
this should be treated as a species-specific hypothesis rather than a general prediction. The main contribution of
this review is to propose an analytical framework that links morphometric, ultrastructural, and geochemical
observations to OAE-relevant questions, particularly in deployment settings that directly modify bottom-water or
sediment chemistry. A three-tier framework is suggested for the morphological investigations that could be
carried out on benthic foraminifera in the framework of OAE research. A four-tier geochemical framework
distinguishes primary carbonate-system indicators, pathway-specific tracers, biomineralization-sensitive proxies,
and contextual or quality-control indicators. Integrated with concurrent carbonate-system measurements, these
frameworks can distinguish biomineralization responses from environmental overprints and establish benthic
foraminifera as a standardized biological and mineralogical monitoring component supporting MRV. Future
work should therefore prioritize controlled, cross-calibrated direct OAE experiments to define species- and
pathway-specific alkalinity thresholds at which benthic foraminiferal calcification is enhanced, remains un-
changed, or becomes physiologically constrained.
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