REEF EXPERT EVALUATION INVITATION

Dual-Layer Stratified Nanobubble Shading and Oxygen Support for Coral Reef Thermal Stress
Mitigation

Origin: ReefHealer service system by Alarivean Target Community: Reef Stewardship Experts
Status: Core systems at Technology Readiness Level 8 (TRLS8) Location Context: Reef Lagoons / Nurseries
Date: October 2026 Framework: Aquatic Prosperity as a Service (APaaS)

1. Executive Summary & Context

As marine heatwaves intensify globally, traditional macroscopic engineering interventions prove insufficient or too
ecologically dangerous for fragile reef protection. Alarivean, whose core systems operate at Technology Readiness
Level 8 (TRL8), introduces a highly localized, mechanically generated, pulse-managed intervention framework that
adds no surfactant, designed specifically to protect delicate habitats during acute summer thermal stress events
without global environmental side effects. Any carbonate reagent is evaluated as a separate, measured trial arm. TRL8
covers our core systems: the proven vessel delivery capability and the mechanisms with a solid scientific basis. The
less certain and research-stage items, such as antioxidant support, sit within our service model, which is contracted
to outcomes rather than to static equipment or outputs. That lets us keep innovating, and we will always do so under
independent scientific leadership and accountability.

Moving away from speculative atmospheric modifications, our operational architecture centers on the ReefHealer
platform deployed via quiet, gentle, shallow-draft electric SeaBreather vessel variants. These systems process local
waters through an internal loop, applying localized dual-layer nanobubble infusion before releasing them cleanly
back into target columns. No chemical stabilizers are added. How long the bubble field persists in site seawater, how
it dissipates once deployment concludes, and any physical or chemical footprint on the ecosystem are measured
rather than assumed.

To support early academic validation and minimize operational overhead, Alarivean introduces a Minimum Viable
System (MVS) configuration for field calibration trials, which begin with a measurement-only baseline on treated
and control plots before any dosing: residence time and site currents, pre-dawn dissolved oxygen (DO), total
dissolved gas (TDG), the carbonate system, hydrogen peroxide (H202), and PAR and UV at coral depth. Oxygen and
carbonate are then calibrated in a poorly flushed lagoon cell, and shading is compared with shade cloth in a nursery.
This localized baseline allows stewardship teams to monitor and verify fine-scale column interactions, bubble
kinetics, and target Dbiological indicators before scaling up to full logistics networks.

2. The Hybrid Architectural Hypothesis

We invite reef stewardship experts to collaborative evaluation of a multi-tiered mitigation architecture that decouples
stress remediation into two independent vectors (shading and oxygen), plus an optional carbonate arm trialed
separately, with shading applied during peak daylight hours and oxygen dosed at night as well as by day:

e The Surface Shading Layer (Natural Air): Injection of natural air nanobubbles into the upper surface
column during peak daylight hours. The surface bubble field shades the water beneath it by scattering
incoming solar and ultraviolet (UV) radiation. We are compiling measurements of how much shade it
provides in which contexts, as PAR and UV at coral depth alongside coral responses, with light starvation
tracked at the same time. Bubble size distribution, number density and lifetime are measured in site
seawater.
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« The Dissolved Oxygen Support Layer (Sub-Surface Benthic Loop): Infusion of pure oxygen (02)
nanobubbles into the water column above the reef architecture, intended to counter hypoxia during heat
stress driven by thermal stratification and high biological oxygen demand (BOD). Reef hypoxia is mainly
nocturnal and worst in stagnant lagoon water, so we dose at night as well as by day, under a total
dissolved gas (TDG) cap.

e Optional Carbonate Arm (Sodium Carbonate): Sodium carbonate (soda ash, Na2C0O3) delivered pre-
dissolved, at a discharge depth set for the target and a dose rate stated per site and logged per lot, capped
at +0.1 pH at the target, with a discharge-point pH ceiling; the plume is diluted below an aragonite
saturation (Qarag) of about 5 within a stated mixing distance, a threshold from lime-addition experiments
to be confirmed for sodium carbonate (Moras et al,, 2022), and sodium carbonate is not dosed where
ambient water already exceeds it. It offers carbonate chemistry that may support calcification where
measured. It is added as a solution, not as powder or grains, and is not used for shading; the plume is
checked for calcium carbonate precipitation, and dosing stops if it is detected. Our coral mode doses no
peroxide or other oxidant, and residual oxidant is measured independently.

Core Thesis: By decoupling the shading mechanism (natural air) from the respiration support mechanism (pure 02),
and timing each to its hours of peak stress (midday light for shading, the nighttime oxygen minimum for respiration
support), we aim to lower light stress during heat events while sustaining reef respiration, and we track the trade-
offs of prolonged light starvation and hypoxia.

3. Target Themes & Key Questions

Alarivean invites reef stewardship experts to co-design and independently audit verification tracks exploring
several core themes:

Theme 1: Structural Effects of Elevated Dissolved Oxygen (DO)

e How do localized pure 02 nanobubbles affect the oxidative stress thresholds of coral holobionts? Does
localized 02 enrichment raise or lower holobiont reactive oxygen species (ROS) under heat and high light,
does the answer change once symbiont photosynthesis fails, and which moves the pre-dawn oxygen
minimum more: daytime or nighttime dosing?

e Whatare the micro-respiratory dynamics of cryptic reef invertebrates, bioeroders, and endolithic
communities when subjected to localized hyperoxia during extreme thermal anomalies?

Theme 2: Intermittent Shading & Carbonate Chemistry

e Whatare the precise light starvation thresholds of diverse reef communities when subjected to
temporary shading by a surface air-bubble field of measured size, density and lifetime, and how
does that shade, measured as PAR and UV at coral depth, compare with shade cloth in a nursery?
Separately, does a sodium carbonate dose change calcification at reef-plausible doses, and does
raised oxygen cancel that gain (Wijgerde et al.,, 2014)?

e How do these thresholds shift across different operational scenarios, including variations in diurnal
loops, seasonal extremes, depth profiles, and distinct taxonomic groups (e.g., branching vs. massive
scleractinians, octocorals)?

¢ How much treated water, and what dose, reaches targets the vessels do not pass over, such as
patch-reef tops, shallow nursery margins and reef flats, and which tracer best establishes the dose
at the target?
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Theme 3: Algal & Nutrient Loads in HAB and Water-Treatment Mode, Run Clear of Live Coral

e By utilizing the vessel-internal loop and pass-through Advanced Oxidation Processes (AOP) within
onboard HABslayer and ChemSlayer modules, what are the precise target extraction ratios required to
strip excessive nutrient burdens and suppress opportunistic macroalgal overgrowth?

e How can we tune these internal AOPs to act not like an indiscriminate chemical hand sanitizer that leaves a
biological vacuum, but like a gentle, targeted preventative wash that knocks down harmful imbalances while
letting remaining native biota infill healthy immune defenses and restore natural dominance?

e What residual-oxidant limits at the mixing-zone edge, stand-off distances, current-direction rules and quench
chemistry keep HAB-mode discharge from reaching live coral, including during spawning, and what
brominated byproducts form in seawater under the AOP chemistry we use?

Theme 4: Antioxidant Support (Research Only)

¢ Isthere a safe and effective antioxidant regime for corals in open water? Ascorbate (vitamin C) generates
hydrogen peroxide in seawater and consumes alkalinity, and mortality was reported at laboratory doses
in an anemone study (Dungan et al., 2022a). Mannitol, probiotics and thermal preconditioning are
alternative routes (Dungan et al., 2022a, 2022b; Majerova & Drury, 2022). This is a research question; we
propose no dose.

4. Bounded Trial Protocols & Live Safeguards

To ensure uncompromised scientific integrity and complete alignment with local environmental authorities, all
Alarivean APaaS (Aquatic Prosperity as a Service) calibration trials operate under strict governance parameters:

e Dual-Key Data Feeds: Independent overseeing academic institutions hold a live, unedited stream of all raw
sensor telemetry and water quality datasets in real time.

¢ Absolute Infraction Halts: Collaborating principal scientists maintain absolute, unilateral veto authority to
immediately shut down or pause all vessel system operations upon any suspected boundary anomaly.

¢ Surfactant Prohibition: All trials utilize strictly mechanical, surfactant-free generation methods: no
surfactants are added. Bubble size distribution and lifetime in site seawater are measured, not assumed;
natural surface-active material in reef water can itself stabilize bubbles (Johnson & Cooke, 1981), so
'surfactant-free' describes what we add, not the bubbles.

e Oxidant Separation: Coral mode runs at a zero oxidant set-point: no peroxide or other oxidant is dosed.
AOP modules run only in HAB or water-treatment mode, at a stated stand-off from live coral, down-
current of it and outside spawning windows, within residual-oxidant limits at the mixing-zone edge, with a
named quench, an independent assay and dose logs shared with the overseeing institutions.

» Reagents, Permits & Gas Load: A certificate of analysis for each sodium carbonate lot; the discharge
permits named for each site; and a total dissolved gas cap for pure-02 injection.

« Navigation Safeguards: SeaBreather vessels operate strictly using shallow-draft electric propulsion and will
never navigate directly over or make physical contact with shallow reef structures; all processing occurs via
pass-through flow adjacent to or above safe bathymetric zones. Vessels operate only where the water is at
least 2 to 3 m deep, so the hull never comes close enough to live coral to risk contact. Discharge depth is set by
the service outcome, anywhere from just below the surface downward. Targets the vessels do not pass over,
such as patch-reef tops, shallow nursery margins and reef flats, are reached by treated water rather than
treated from above: a dye or other tracer establishes the dose that arrives, with monitoring stations at the
target and down-current. Treated water that drains over a reef flat at low tide is monitored there for dissolved
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oxygen, TDG, pH and Qarag against the flat's own natural range, with a stop rule, for example TDG or Qarag
outside the flat's baseline range.

Interested verification teams, scientific labs, and field stations are invited to submit situation reports or joint

protocol designs directly to Alarivean (Alarivean.com).

5. Draft Framework

This section reviews the current state of coastal marine science regarding targeted environmental
modifications inside delicate coral reef lagoons. Rather than addressing broad planetary geoengineering, it
synthesizes the known biological and physical impacts of localized, high-density interventions designed to
alleviate thermal and radiative anomalies using Alarivean's ReefHealer and SeaBreather platforms.
Anthropogenic warming has drastically elevated the frequency and intensity of marine heatwaves, pushing
coral holobionts past their evolutionary tipping points (Hughes et al., 2017; Hoegh-Guldberg et al.,, 2007;
Altieri etal,, 2017). Traditional marine protected areas provide critical spatial defensive framing but remain
fundamentally passive during acute atmospheric anomalies (Altieri et al.,, 2017; Nelson & Altieri, 2019). The
Alarivean architecture establishes a pulse-managed, highly targeted intervention framework deployed via
quiet, gentle, shallow-draft electric SeaBreather vessel variants. These platforms utilize vessel-internal loops
to condition lagoon water via localized nanobubble infusion, avoiding direct structural reef contact while
optimizing the microenvironment scale.

Intervention
Vector

Verified Scientific Certainty (Solid) Verification Opportunities (Less

Certain)

1.Dissolved Thermal stress induces water column stratification and Physiological limits of induced hyperoxia

cervicornis (Cooke et al., 2026).

How much shade the surface bubble field delivers in each
context: we are compiling PAR and UV at coral depth
against bubble density, lifetime and water clarity, with
coral responses. Whether carbonate gains hold under heat
stress and alongside raised oxygen (Wijgerde et al,, 2014).

Oxygen acute nocturnal hypoxia, accelerating coral tissue necrosis | in cryptic reef organisms and micro-scale
Elevation (Altieri etal.,, 2017; Nelson & Altieri, 2019). Localized endolithic communities; mapping the
tissue-surface anoxia preceded rapid coral tissue optimal balance of boundary-layer
disintegration under acute heat stress (Dhillon et al., artificial ventilation across distinct
2026). In one laboratory study, bulk oxygen hydrodynamic fields to alleviate severe
supersaturation (hyperoxia at 10 mg 02 L-1) raised the respiratory supply-demand mismatches.
median lethal thermal threshold (LT50) by 0.2°C in one of
three reef-building species (Galaxea fascicularis) under a
single 10-hour ramp to 40°C (Parry et al,, 2025).
Deoxygenation lowers the bleaching threshold (Alderdice
etal, 2022), and reef hypoxia is mainly nocturnal (Pezner
etal, 2023).
2.Surface Shading reduced heat-driven bleaching in aquarium and Ecosystem light starvation risks: defining
Shading & nursery trials (Butcherine et al., 2023; Ruiz-Diaz et al,, the exact balance where shading benefits
Carbonate 2025). Alkalinity addition raised net calcification on areef | are outweighed by light reduction across
Chemistry flat (Albright et al.,, 2016) and calcification in Acropora diurnal loops, seasonal extremes, and

distinct depth or taxonomic profiles
(branching acroporids vs. massive
scleractinians vs. octocorals).

3.Nutrient &
Algal Reduction
(HAB Mode)

High organic and nutrient loads fuel opportunistic
macroalgal blooms that smother corals and deplete
oxygen layers (Seitzinger et al.,, 2010; Fabricius, 2005).
Vessel-internal pass-through loop processing running
Advanced Oxidation Processes (AOP) avoids physical

Eco-tuning thresholds: identifying the exact
drawdown ratios required to allow native
ecosystems to self-stabilize and reclaim
dominance from turf algae without
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Intervention Verified Scientific Certainty (Solid) Verification Opportunities (Less
Vector Certain)

mass displacement. AOP runs only in HAB or water-

. over-sterilizing the column or strippin
treatment mode, clear of live coral. § pping

beneficial native microbiota and larval

pathways.

6. Detailed Synthesis of Intervention Vectors

Vector 1: Column Dissolved Oxygen Dynamics

Thermal stress does not operate in an environmental vacuum. As sea surface temperatures climb, oxygen
solubility in the upper water column falls, while biological oxygen demand (BOD) simultaneously accelerates
(Vaquer-Sunyer & Duarte, 2011; Altieri et al., 2017; Parry et al., 2025). In shallow, poorly flushed coral
lagoons, this physics-driven reduction in solubility is severely compounded by vertical thermal stratification
and heavy nocturnal community respiration, generating acute benthic hypoxia (Altieri et al,, 2017; Adelson
etal, 2022; Nelson & Altieri, 2019). This hypoxia is mainly nocturnal (Pezner etal., 2023), so we dose oxygen
at night as well as by day. In laboratory microsensor work, oxygen depletion at the tissue-water interface
preceded the onset of rapid coral tissue disintegration—a catastrophic structural collapse distinct from
classical bleaching (Dhillon et al, 2026). Short-term anoxia alone is sufficient to trigger this tissue
disintegration phenotype, consistent with mass-transfer limitation across a stagnant concentration
boundary layer (CBL) creating a localized metabolic crisis during heatwaves (Dhillon et al., 2026). High flow
rates thin the CBL, acting as a powerful hydrodynamic countermeasure (Dhillon et al., 2026). In one
laboratory study, bulk seawater oxygen supersaturation (hyperoxia at 10 mg 02 L-1) raised the median
lethal thermal threshold (LT50) by 0.2°C in one of three reef-building species (Galaxea fascicularis, a single
10-hour ramp), consistent with a passive diffusion buffer once microalgal photosynthetic oxygen production
collapses (Parry et al,, 2025). In laboratory studies without heat stress, raised oxygen reduced calcification
gains and the photosynthetic benefit of flow (Wijgerde et al., 2014; Mass et al., 2010), so oxygen is dosed to
a stated cap. Crucially, oxygen availability also modulates the metabolic capacity of associated reef fish, such
as how oxygen availability modulates clownfish larvae growth under thermal stress (Arossa et al., 2025).
The ReefHealer platform is designed around these dynamics, infusing pure 02 nanobubbles into a benthic
loop to counter local hypoxia, especially at night and in stagnant lagoon water.

Vector 2: Localized Surface Shading

Severe mass bleaching events are rarely driven by elevated temperature alone; the cumulative destructive
impact is multiplied by high downwelling solar irradiance, specifically Photosynthetically Active Radiation
(PAR) and shortwave ultraviolet (UV) spectra (Hoegh-Guldberg et al., 2007; Hughes et al., 2017). Excessive
photon fluxes overload the light-harvesting complex of symbiotic dinoflagellates (Symbiodiniaceae),
damaging their photosynthetic machinery and generating high concentrations of toxic reactive oxygen
species (ROS) that prompt host cells to sever the symbiosis (Iglesias-Prieto et al., 1992; Warner et al., 1999;
Hoegh-Guldberg et al., 2007). A near-surface field of natural air bubbles shades the water beneath it: the
bubbles scatter incoming light diffusely, so less PAR and UV reaches the reef. We are compiling
measurements of how much shade the field provides in which contexts (water clarity, depth, bubble density
and generator throughput), alongside coral responses, with light starvation tracked at the same time and
shade cloth as the comparison in nurseries (Butcherine et al.,, 2023; Ruiz-Diaz et al.,, 2025). Carbonate
chemistry is a separate, optional arm. Sodium carbonate is added as a solution, not as powder or grains, and
is not used for shading; it offers carbonate chemistry that may support calcification where measured
(Albright et al., 2016; Cooke et al., 2026). The dose is capped at +0.1 pH at the target, with a discharge-point
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pH ceiling; the plume is diluted below an aragonite saturation (Qarag) of about 5 within a stated mixing
distance, a threshold from lime-addition experiments to be confirmed for sodium carbonate (Moras et al.,
2022), and we do not dose where ambient water already exceeds it. Visible whitening near the injection
point would indicate calcium carbonate precipitation, which consumes the added alkalinity and reduces
light at coral depth; we monitor for it, and dosing stops if it is detected (Moras et al., 2022; Hartmann et al,,
2023). Our coral mode doses no peroxide or other oxidant. The data we are compiling cover bubble size
distribution and lifetime in site seawater, the reduction in PAR and UV at coral depth with the coral response,
and light starvation risks across diurnal loops, seasonal extremes, and distinct taxonomic depth profiles
(Hoegh-Guldberg et al., 2007).

Vector 3: Nutrient Extraction and Algal Suppression (HAB Mode)

Degraded coastal reef environments are frequently driven into toxic ecological phase shifts, where land-
based nutrient enrichment and organic loading tip the competitive balance away from calcifying
scleractinian corals and toward fast-growing turf and macroalgal communities (Seitzinger et al.,, 2010;
Fabricius, 2005; Burkepile & Hay, 2006). These opportunistic algal mats form dense physical barriers that
prevent coral larval settlement, trap sediment, block localized light transmission, and accumulate organic
materials that exacerbate localized boundary-layer oxygen depletion (Fabricius, 2005; Burkepile & Hay,
2006; Hughes et al., 2010). The SeaBreather platform addresses these organic and chemical crises by
utilizing gentle, vessel-internal containment loops running advanced onboard oxidation processes (AOP),
featuring specialized HABslayer and ChemSlayer operational modules, which run only in HAB and water-
treatment mode, clear of live coral, under the oxidant separation conditions in our trial safeguards. This
pass-through architecture isolates and treats water masses internally, ensuring that no physical mass
displacement occurs within the habitat footprint. The core verification gap within this vector focuses on
defining precise eco-tuning thresholds. The internal AOP reactor must not operate like an indiscriminate
chemical hand sanitizer that eliminates all organic mass, which would generate a biological vacuum and
strip out beneficial pelagic microbiota, planktonic larvae, and necessary low-level nutrients (Seitzinger et
al,, 2010; Fabricius, 2005; Hughes et al,, 2010). Instead, it functions as a gentle, targeted preventative wash.
The fundamental scientific objective is to determine the exact extraction ratios required to drop
opportunistic turf algal growth rates just enough to allow native communities to self-stabilize, infill critical
ecological niches, and naturally restore long-term benthic dominance.

7. Operational In-Situ Monitoring Matrix

To ensure absolute safety, multi-lateral scientific transparency, and clear isolation of variables during a
localized calibration trial using an Alarivean Minimum Viable System (MVS), field monitoring must track key
diagnostic metrics across three distinct sequential phases (Altieri et al., 2017; Hoegh-Guldberg et al.,
2007; Dhillon et al, 2026). Continuous microsensor and optical arrays will map boundary layer
microenvironments to validate system performance in real time. The pre-deployment baseline is
measurement-only, on treated and control plots, and no dosing begins until it is complete.

Operational Core Target Parameter Measurement Methodology / Instrumentation

Phase

Pre-Deployment Baseline PAR & Vertical Deployment of multi-spectral radiometers across reef bathymetry zones to

Baseline Attenuation map ambient light transmission curves, including UV-A and UV-B, on treated
and control plots.
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Operational Core Target Parameter Measurement Methodology / Instrumentation

Phase

Pre-Deployment Ambient Dissolved Oxygen & | High-frequency electrochemical loggers & optical DO microsensors paired

Baseline Nutrients with colorimetric assays for baseline N/P profiles (Altieri et al., 2017;
Dhillon et al., 2026).

Pre-Deployment Pre-Dawn DO, TDG & Measurement-only: pre-dawn DO minimum, and DO and temperature at

Baseline Carbonate System colony height; total dissolved gas; total alkalinity, pH and Qarag; H202 by

an H202-specific method.

Pre-Deployment Residence Time, Currents & | Current meters and drifters for residence time and site currents; Kd(PAR),
Baseline Water Clarity particulate backscatter, black-disk visibility and bottom type at each target.

Active Treatment | Temperature at Coral Depth | Benthic thermistor arrays logging temperature at coral depth and colony

Phase height on treated and control plots, reported as a measurement.

Active Treatment | Photosynthetic In-situ Pulse-Amplitude Modulation (PAM) fluorometry on live coral colonies

Phase Efficiency (Fv/Fm) to evaluate operational quantum yield of Photosystem II (Hoegh-Guldberg et
al, 2007).

Active Treatment | PAR & UV at Coral Radiometers logging PAR, UV-A and UV-B at coral depth as daily light integral

Phase Depth and peak irradiance on treated and control plots, with shade cloth as the
nursery comparator; black-disk visibility and Kd(PAR) are logged during
treatment.

Active Treatment | Dose at the Target Dye or another conservative tracer released with treatment, with stations at

Phase the target and down-current, to establish the dose reaching targets the vessels

do not pass over.

Active Treatment | Carbonate System Total alkalinity, dissolved inorganic carbon, pH and Qarag at the discharge
Phase & Precipitation point, at the target and in 02-only plots; turbidity, filtered samples and
particulate inorganic carbon to detect calcium carbonate precipitation (Schulz
etal,, 2023); sediment traps at the target.

Active Treatment | Gas Load & Oxidant TDG at depth and 02 saturation at the coral surface; a coral ROS or oxidative-
Phase Residuals damage endpoint; in HAB mode only, H202, total residual oxidant by DPD and

brominated byproducts by GC, with method and detection limit named.
Active Treatment | Microbial Equilibrium High-throughput flow cytometry & eDNA pass-through loop sampling to
Phase Retention monitor native microbiota stability and planktonic larval pathways.
Post-Recovery Long-term Tissue & Skeletal growth micro-CT scanning of structural core samples paired with
Phase Calcification Health photographic transect monitoring over a 30-90 day tracking loop.
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