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Abstract. Predicting the response of O, dynamics in intertidal sediments to changing environmental conditions is essential
for understanding and forecasting the impacts of climate change on coastal biogeochemical functioning. However, key en-
vironmental controls such as light, temperature and tidal regime (immersion vs. emersion) are only partially integrated into
existing sediment biogeochemical models. Additionally, inversion-based approaches, which infer reaction rates from measured
O, profiles without explicitly representing the underlying diagenetic mechanisms, cannot be used predictively. We developed a
reaction-transport model for simulating O, dynamics in MPB-inhabited intertidal sediments at high spatial and temporal reso-
lution under variable environmental forcing. The model was constrained and evaluated using laboratory microsensor measure-
ments of Oy concentrations and gross photosynthesis in muddy sediments from the Oosterschelde tidal bay (the Netherlands).
Our analysis indicates that the studied MPB community is adapted to low irradiance and responds to changing light conditions
through vertical migration. Reoxidation of reduced inorganic substances dominates sediment O consumption at low irradi-
ance, whereas aerobic mineralization becomes increasingly important at higher irradiance, with photorespiration representing
an additional relevant O sink under high-irradiance conditions. Additionally, both the O2 producing and consuming processes
show strong immersion-emersion and temperature response. Overall, the model is released as an open-source tool, providing
a framework that can be adapted and refined for interpreting and predicting O dynamics in intertidal systems under a broad

range of environmental conditions.

1 Introduction

Coastal sediments, including intertidal flats, are vital centers for organic matter mineralization and nutrient recycling (Rios-
Yunes et al., 2023). The upper sediment layers act as biogeochemical hotspots, supporting more chemical processes than
the entire overlying water column (Boudreau and Jgrgensen, 2001). Dissolved molecular oxygen (Os) is the most favorable
electron acceptor available in sediments and a key factor that regulates other biogeochemical processes (Glud, 2008). In the
future, coastal benthic ecosystems, particularly intertidal flats, are projected to face increasing stressors such as warming, sea-
level rise, and altered organic matter inputs (Hewitt et al., 2016; Liu et al., 2025), all of which can strongly influence sediment

0> availability. Therefore, a deeper understanding of sediment O, dynamics is essential to make robust predictions about the
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impacts of climate change on coastal benthic environments, including those associated with deoxygenation and increasingly
frequent marine heatwaves (Giomi et al., 2023). One possible approach to achieve this is by developing models of the most
relevant O4 producing and consuming processes in sediments and their dependence on environmental variables.

In intertidal sediments, O is produced via photosynthesis by microorganisms commonly called microphytobenthos (MPB),
while O4 losses occur mainly through organic matter mineralization by benthic organisms and aerobic bacteria, as well as
through microbially mediated oxidation of reduced inorganic species (Santschi et al., 1990). These Os production and con-
sumption processes are temperature dependent and therefore dynamically change due to temperature fluctuations (Hancke and
Glud, 2004). Because light regulates MPB eco-physiology (e.g., photoacclimation and photoinhibition) and induces circadian
rhythms of vertical migration (Baklouti et al., 2006; Han, 2002), O production additionally varies due to fluctuations in avail-
able light. Furthermore, Oy production by MPB is impacted by tidal inundation, which alters the amount of solar radiation
reaching the sediment surface, rapidly modifies sediment temperature, and reshapes nutrient availability (Liu et al., 2025). As a
result of these dependencies, O2 availability in intertidal areas is dynamically changing over timescales ranging from seconds
to seasons.

Presently, models capable of predicting O, dynamics in intertidal sediments on these widely ranging time scales do not
exist. However, evidence from similar models developed for other marine productive ecosystems (i.e., coral reefs, seagrass
meadows and mangrove forests) suggests that focusing primarily on large-scale temporal averages, while overlooking small-
scale fluctuations, may yield inaccurate predictions for O availability (Giomi et al., 2023; Fusi et al., 2023). In this study, we
make the first step towards a model that can predict MPB-driven Os dynamics in intertidal sediments on fine spatial scales and
both short and long temporal scales.

Until now, attempts to model MPB-related processes have largely focused on specific processes in isolation (Nmor, 2020),
such as migratory rhythms (Serddio and Catarino, 2000), trophic interactions (Blackford, 2002), light and tidal influences
(Savelli et al., 2018), hydrodynamics (Mariotti and Fagherazzi, 2012), and behavioral and physiological adaptations (Guarini
et al., 2000), rather than considering their combined effects on sediment biogeochemistry. While some modeling studies inte-
grate MPB photosynthesis and nutrient uptake with sediment biogeochemical profiles, they exclude MPB vertical migration in
response to light, which can strongly alter O, production and vertical gradients and thereby influence sediment biogeochem-
ical profiles, or do not capture biogeochemistry at fine spatial resolutions (Rakotomalala et al., 2019; Hochard et al., 2010).
Additionally, while some models account for temperature effects on MPB production (Guarini et al., 2000; Savelli et al., 2018),
they do not extend this to the full range of Os-related biogeochemical reactions, potentially biasing predictions under warming
conditions.

Attempts to quantify MPB primary production have, for a long time, adapted ‘pelagic’ approaches, such as incubations
with isotopically labeled (**C or 14C) dissolved inorganic carbon, light-dark incubations combined with O, measurements, or
methods based on variable Chl a fluorescence (Barranguet et al., 1998; Kromkamp and Forster, 2003). However, transferring
these techniques to benthic systems is challenging because of steep, millimeter-scale biogeochemical gradients in the euphotic
zone caused by the high concentration of biomass, strong light attenuation, and mass transfer limitation in sediments. To

overcome these challenges, the development of high-resolution, rapid-response tools such as O microelectrodes (Revsbech,
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1989) and fiber-optic based irradiance microprobes (Jgrgensen and Des Marais, 1986; Lassen et al., 1992) has enabled detailed
measurements of chemical (O2 concentration) and physical (light) microenvironments within MPB communities (Revsbech
and Jgrgensen, 1983; Kiihl and Jgrgensen, 1992, 1994). Several studies have applied these methods to investigate how key
environmental drivers, such as temperature (Hancke and Glud, 2004), light intensity (Al-Najjar et al., 2012; Haro et al., 2019a;
Meresse et al., 2023), and immersion/emersion conditions (Haro et al., 2019b) influence the energy and O, budgets in benthic
systems.

Although microsensors are very useful for probing highly stratified systems, the data they generate require careful inter-
pretation. To date, most efforts to interpret microsensor profiles have relied on inverse or numerical procedures that estimate
depth-resolved net production and consumption rates from observed gradients (Berg et al., 1998). While powerful for constrain-
ing local net budgets, these methods are essentially diagnostic and lack explicit mechanistic representation of the underlying
diagenetic pathways. As a result, they cannot be used predictively to evaluate how O2 dynamics respond to changes in envi-
ronmental forcing.

To address the limitations identified above, we present a model for predicting O, dynamics in MPB-inhabitted intertidal
sediments on fine spatial and temporal scales. The model integrates mechanistic and empirical formulations to describe the
underlying processes (i.e., Og production and consumption and transport) and components (e.g., MPB biomass) controlling
system dynamics, including their response to temperature, light, and sediment emersion. Presently, the model only considers
diffusive transport and is therefore applicable to systems such as muddy sediments, where other transport mechanisms can
be neglected. Additionally, we present microsensor-based data used to calibrate the model. The data were acquired from
sediment samples collected in the Oosterschelde tidal bay and include vertical profiles of steady-state O concentrations and
gross rates of photosynthetic Oz production (GPP) measured with a high spatial resolution under varying temperature, light,
and immersion/emersion conditions. Overall, the model provides a predictive quantitative tool for assessing O»-related process
rates and budgets in muddy intertidal sediments, laying a foundation for future studies on benthic ecology and biogeochemistry

of these systems.

2 Materials and Methods

In this section, we first describe the laboratory experiments, including sediment sampling, setup, and microsensor measure-
ments. Then, we explain the mathematical formulation and numerical implementation of the model. Finally, we describe the
model calibration strategy and present key model outcomes. This structure reflects the workflow of the study, where experi-

mental observations form the foundation for model development, calibration, and evaluation.
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2.1 Laboratory experiments
2.1.1 Sampling

Surficial sediments were sampled from intertidal flats in the Oosterschelde tidal bay, located in the southwest of the Nether-
lands. The sampling station ZK1 was chosen for its high MPB biomass and relatively low levels of animal disturbance. The
sediments in this location are inundated twice daily and experience large fluctuations in temperature and solar radiation (Liu
et al., 2025). More detailed description of the sediments is provided in Borger et al. (2020) and Rios-Yunes et al. (2023).
Sediment samples were collected during low tides between September 2023 and March 2024 by inserting a transparent
cylindrical PVC tube (15 cm in diameter and 30 cm in height) into the sediment and carefully extracting it to avoid surface
disturbance. Additionally, 20 L. of seawater was collected near the sampling site. Both sediment and water samples were
immediately transported to the laboratory at NIOZ, Yerseke, where they were incubated in a thermostatic bath inside a climate-
controlled room at a temperature matching the value determined in sifu during sample collection. Microsensor measurements

started the following day.
2.1.2 Experimental setup and design

The experimental setup and measurement protocols used in the present study were similar to those previously described by
Al-Najjar et al. (2010). Briefly, measurements were conducted in sediment cores placed in a transparent glass aquarium. A
chiller/heater circulator was used for controling the water temperature, a tube connected to a pump for adjusting the water
level, and a lamp with adjustable luminance as a light source (Fig. S1). Further technical details about the setup are provided
in Supplementary Methods.

The general experimental approach involved two types of measurements. First, a light microsensor was used to characterize
the vertical light distribution in the sediment. Subsequently, an Oy microsensor was used to quantify the corresponding pho-
tosynthetic activity of MPB and the vertical distribution and dynamics of O2. Light and O2 measurements were conducted
separately, always using a new (intact) sediment core. This approach was necessary to avoid interference between the sensors
and minimize changes in the MPB biomass distribution in the sediment possibly occurring during the lengthy measurements.

Three separate experiments were conducted to quantify the effects of light, temperature, and tidal inundation on the MPB
activity and the resulting sediment Oy dynamics: a photosynthesis—irradiance (PI), temperature ramping (TR), and immersion—
emersion (IE) experiment. In each experiment, only one environmental factor was varied while the others were held constant.
The variation imposed on the irradiance and temperature was based on the range observed in the field (see Table S1 for details).
To estimate variability among the sediment samples, each experiment was conducted in three replicate cores. In one replicate
core of the TR experiment, the ambient temperature was additionally decreased to the starting value after ramping to examine
potential recovery of the photosynthetic Oy production following inhibition at high temperature.

At the end of each experiment, salinity of the overlying water was measured, followed by the collection of three MPB
biofilm samples from the sediment surface (area 1cm?, thickness 2-3 mm) for Chl-a quantification. The Chl-a content was

determined in pg Chl-a/g of sediment and converted to mol C/m? (Table $2). The conversion used the carbon-to-chlorophyll-a
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ratio of 100 g C/g Chl-a, which is representative of estuarine benthic diatom populations in the summer under high-light and

high-temperature conditions (De Jonge, 1980; Cloern et al., 1995).
2.1.3 Light microsensor measurements

Vertical light distribution in the sediment was measured using a fiber-optic scalar irradiance microprobe (Lassen et al., 1992).
The microprobe had a spherical measuring tip (diameter of about 80 pm) attached to a tapered optical fiber connected to a
spectrometer, allowing quantification of spectrally resolved total radiant flux from all directions around the measurement point.
Measurements were conducted in vertical steps of 100 um, starting from the overlying water and continuing into the sediment
until no signal was detectable. At each depth, three replicate spectra were recorded and averaged. The mean signal between
800-1000 nm was then subtracted from each spectrum to account for sensor offset, followed by spectral integration across the
range of photosynthetically active radiation (PAR, 400-700 nm). The spectrally corrected and integrated values determined at
each depth were then normalized to the value measured at the sediment surface. To estimate spatial heterogeneity, light profiles

were measured in three sediment cores, at five randomly selected locations per core.
2.1.4 O, microsensor measurements

O5 concentrations were measured using a fast-response Clark-type microelectrode (Revsbech, 1989). The microsensor (tip di-
ameter: 50 pum, response time: ~0.5s) was calibrated using a linear, two-point calibration with 100 % air-saturated and anoxic
seawater, accounting for experimental temperature and salinity. Each measurement began by setting the incident irradiance to
a constant value. The O2 microsensor tip was then positioned about 1-2 mm above the sediment surface. After 15 minutes,
two vertical Os profiles were measured in 50 um steps until a depth where no O, was detected. Once these measurements
confirmed that a steady state was reached, GPP rates were measured in 100 pm steps using the light-dark shift method (Revs-
bech and Jgrgensen, 1983). Briefly, the microsensor tip was positioned at the target depth and the sensor signal was allowed
to stabilize. The incident light was then abruptly blocked with an opaque black plastic sheet, which led to a rapid decrease in
O5 concentrations, and then restored to the original value by removing the sheet after 2—3 s. The slope of the linear decrease in
O3 concentration during the dark interval, following immediately (within 0.5 s) the moment of light removal, was calculated
and taken as the rate of GPP at that depth. The GPP measurements were repeated at progressively greater depths until the light
removal led to no detectable immediate decrease in Oy concentrations. After completing the GPP measurements, the system
was allowed to recover and two additional O profiles were measured to verify steady state. Depending on the experiment (PI,
TR, or IE), these measurements were repeated using different levels of incident irradiance, water temperature, or water height

above the sediment surface (Table S1).
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2.2 Numerical model
2.2.1 Spatial domain

For a submerged sediment, the modeled vertical domain comprises two layers: a thin water column on top of a sediment
column. Depth, denoted by z, extends from —zppy, in the water to zgeq in the sediment and equals to O at the sediment-water
interface (SWI). Here, zpp1, denotes the thickness of the diffusive boundary layer (DBL), which is a thin water layer directly
above the sediment surface where molecular diffusion dominates solute transport due to suppressed turbulence (Boudreau and
Jgrgensen, 2001), while zgeq is the thickness of the sediment layer. The model domain is discretized into a grid comprising 20
layers in the water column and 280 layers in the sediment. For both grids, the thickness of the grid cells increases geometrically
with depth from 1 ym in the uppermost grid cell. The two grids are coupled at the SWI through continuity of concentrations
and diffusive fluxes. For a sediment exposed to air, the vertical domain has the same structure and dimensions but the water

layer is replaced with a layer of air, achieved by changing the corresponding diffusion coefficient (see below).
2.2.2 Governing equations

The model includes two state variables: dissolved O and oxygen demand units (ODU). ODU represents the lumped concen-
tration of reduced dissolved substances (e.g., ammonium, sulfide, reduced iron) that can react with Os through reoxidation
reactions (Soetaert et al., 1996). Concentrations of both solutes are expressed in moles of Oz per unit volume of porewater
(mol 02/ mgw) and denoted by C;, with ¢ = O or ODU. The modeled system is assumed to be laterally homogeneous, with
transport governed solely by molecular diffusion. Accordingly, the concentration dynamics for both solutes are described by a
one-dimensional diffusion—reaction equation,

ac, 1 0 ac;
ot _9'3z<9'D"' az>+R’“ M

where ¢ denotes time (in days), 6 denotes porosity, i.e., the volume of porewater per volume of bulk sediment (mgW /m3), D;
is the diffusion coefficient (m?>d '), and R; is the net reaction rate, expressed per unit volume of porewater (mol O / mgw /).

In general, all quantities in this equation (except for time) vary with z. To account for the two-layer domain structure, porosity
is modeled by a function varying between 1 in the water column and 0.9 in the sediment, with a sharp exponential transition
below the SWI (Fig. S2). For a submerged sediment, the diffusion coefficient for the component ¢ is calculated according to
D; = D; mo/(1 —1n6?), where D; ;0 is the molecular diffusion coefficient in seawater and the factor in the denominator
accounts for sediment tortuosity (only relevant in the sediment, i.e., for § < 1). The dependence of D; ,,,; on temperature and
salinity is accounted for and calculated with the R package marelac (Soetaert et al., 2010a). The diffusion coefficient for
H,S is taken as a representative value of D, for ODU. When modeling the sediment exposed to air, the value of D; o in
the air layer (i.e., for —zppr, < 2z < 0) is replaced by the corresponding diffusion coefficient of the component ¢ in air, while

the value of D; ,,,,; in seawater is retained when calculating D; in the sediment layer (i.e., for z5cq > z > 0). Since diffusion
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of gases in air is roughly 10*-fold faster in air than in water (Cussler, 2009), this replacement effectively compresses the DBL
thickness to zero and yields no variation in the O, and ODU concentration within the air layer.

By definition, the reaction rates are zero in the water or air column above the sediment surface and non-zero inside the
sediment. For Oq, the net reaction rate is partitioned between processes that contribute to Oy production and consumption,
including MPB photosynthesis (Rpnotosyn), basal respiration (Rpqsairesp) and photorespiration (Rphotoresp), acrobic mineral-
ization of photosynthetically produced organic carbon, driven by microorganisms associated with MPB (Rgeromin), and ODU

reoxidation (R,¢,. ). Thus, the net rate is expressed as a sum

R02 = Rphotosyn - Rbasalresp — Lflphotoresp — Raeromin - Rreorc- (2)

In contrast, the reaction rate for ODU is assumed to only comprise the contribution from ODU reoxidation,
RODU = _Rreoz~ (3)

Regulation of these process rates by environmental variables is described below. The differential equations (Eq. 1) are solved
using a fixed concentration and flux at the upper and lower boundary for O, respectively, and fixed concentrations at both

boundaries for ODU (see more details in Supplementary Methods).
2.2.3 MPB biomass distribution

The model assumes several processes to be driven, directly or indirectly, by the activity of MPB. To account for this, the
corresponding process rates are assumed to be proportional to the concentration of active MPB biomass. This concentration is
denoted as Cyipp and expressed in moles of C per unit volume of bulk sediment (mol C/m?). To allow some flexibility in the
vertical distribution of the biomass, in particular to allow modeling of redistribution of the biomass by migration in response to
environmental stimuli such as light, C\ipp is formulated as an explicit function of depth in the sediment. In the present model,

this function is assumed to follow a truncated normal distribution, i.e.,

1o ()

Cupp(2) = Bupp - — - for z >0, 4)
o

and Cyrpp(z) =0 for z < 0. In this expression, ¢ denotes the probability density function (PDF) of the standard normal dis-

tribution, & is the corresponding cumulative distribution function (CDF), and i and o (both in m) describe the vertical position

of the peak MPB biomass and degree of dispersion, respectively. The normalization factor 1 — & (_7“) in the denominator

ensures that the depth integral of Cypg(z) over the sediment domain is equal to Bypg, which is the total active MPB biomass

per m? of sediment (in mol C/m?).
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2.2.4 Regulation of process rates

The model assumes the following regulation of the process rates by environmental variables. The rate of photosynthetic Oq
production at depth z in the sediment is proportional to the local concentration of the active MPB biomass and controlled by

the locally available light, I(z), and height of the water column above the sediment surface, h:

Rphotosyn(z) = T'photosyn * C(MPTB(Z) . f(I(Z)) ) g(h’) (5)

In this expression, rppotosyn i8 the rate coefficient of MPB photosynthesis (mol O5/mol C/d), while the functions f and g
(both unitless) describe the response of MPB photosynthesis to light and sediment emersion, respectively. The division by 6
ensures that the rate is expressed per mgw, as required.

The light response of MPB photosynthesis is assumed to follow the relationship proposed by Eilers and Peeters (1988),

tw)- (L
FD = e (%) ©)

) )
I I
(£) +2w- (&) +1

where [ is the intensity of available light, k; is the light intensity where photosynthesis reaches the highest value (both in

umol photons/m?/s), and w determines the shape of the light response curve (i.e., the initial slope and degree of photoinhibi-
tion).

As indicated in Eq. 5, Oz production at depth z is controlled by the locally available irradiance, I(z). In line with previous
studies (Kiihl and Jgrgensen, 1994; Kiihl et al., 1994; Al-Najjar et al., 2010), this value is estimated assuming that light

attenuates exponentially with depth in the sediment,
I(z) =1y -exp(—kex - 2), 7)

where I is the irradiance at the SWI and ke (m~!) denotes the light attenuation coefficient of the bulk sediment. The
latter value is calculated as a weighted average of light attenuation in the porewater and in the solid fraction of the sediment,
kext = 0 - kexipw + (1 — 6) - Kexsotia> and as such depends on porosity.

To represent the effect of sediment emersion on MPB photosynthesis, the model uses a heuristic function,

h2

h) = 1— e 8
g(h) = go+ (1 —go) el (8)
where ky, is the water-height limitation constant (m). This function rapidly decreases from 1 to gg (0 < go < 1) as the sediment

surface changes from a submerged (h > 0) to an air-exposed (h = 0) state (Fig. S3).
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The rate of MPB basal respiration is assumed to be independent of light conditions, proportional to the MPB biomass, and

limited by O availability via a Michaelis—Menten-like regulation,

Capg(2) Co,
Rbasalresp(z) = Tbasalresp * 0 : 3
CO2 + kbasalresp

®)

where 1yqsairesp (d~1) is the rate coefficient and kbasatresp (Mol Og/ miw) is the corresponding half-saturation concentration.
Note that although Cp, is a function of depth, z, this dependency is, for simplicity, not included in the above expression.
A similar convention is followed below.

The rate of aerobic mineralization, which is driven by microorganisms that feed on organic carbon produced by MPB
photosynthesis, is assumed to be proportional to the rate of organic carbon production (i.e., Rphotosyn) and limited by Oo

availability via a Michaelis—Menten-like regulation,

Co,

e 10
COQ + kaeromin ’ ( )

Raeromin(z) = Cgeromin * Rphotosyn(z)

where Cqeromin (Unitless) is the fraction of the photosynthetically produced carbon that is mineralized by MPB-associated
microbes when O is not limiting and k4eromin (Mol Os/ mgw) is the corresponding half-saturation concentration.
The rate of ODU reoxidation is assumed to be first-order with respect to ODU and limited by O, availability via a Michaelis—

Menten-like regulation,

Co,

- 11
COQ + kreoz ’ ( )

Rreox(2) = Treox - CopU -
where 7,0 (d71) is the rate coefficient and ko (molOs/ miw) is the corresponding half-saturation concentration. For
simplicity, ODU reoxidation in the overlying water is neglected in the model, i.e., R;.co.(2) = 0 for z < 0.

Preliminary model simulations based on the O, producing and consuming processes described above led to O5 concentra-
tions that systematically overestimated the measured values (data not shown). To avoid this bias, photorespiration was included
in the model as an additional process responsible for Oy consumption. This process becomes increasingly important under
high O concentrations (which are typical in highly active MPB biofilms) because the carbon-fixing enzyme complex shifts
part of its activity towards oxygenation reactions rather than CO5 assimilation, leading to O5 removal (Glud et al., 1992; Kiihl

et al., 1996). The rate of this process was modeled according to

Co, \"

Rphotoresp(z) = Cphotoresp * Rphotosyn(z) : <Cm;m ) (12)
Oz

where C)."* is the air-saturated Oz concentration at a specific temperature and salinity, m is the reaction order, and cpnotoresp

(unitless) represents the fraction of photosynthetically produced O, that is removed by photorespiration when O concentration

reaches air saturation, i.e., at Co, = C{.**. This formulation reflects the strong non-linear increase in photorespiration under

supersaturated O conditions, as previously observed in microsensor studies of photosynthetic microbial mats and biofilms
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(Glud et al., 1992; Kiihl et al., 1996). Additionally, it is consistent with the empirical relationship derived from experiments
showing that photorespiratory O uptake increases proportionally with photosynthetic Os production and becomes increasingly
significant only when O concentration approaches or exceeds the air-saturated value (Costache et al., 2013; Ippoliti et al.,
2016; Sanchez Zurano et al., 2021).

In addition to the regulation by light intensity, water height and concentrations of Oy and ODU, the process rates are
additionally regulated by ambient temperature. In the present model, the temperature response is assumed to follow an empirical
cardinal function, which captures an increase in rates at moderate temperatures and a catastrophic decline at supra-optimal
temperatures (Bernard and Rémond, 2012; Ippoliti et al., 2016; Sanchez Zurano et al., 2021). Formally, it is implemented by

expressing the rate coefficients of the modeled processes (i.e., photosynthesis, basal respiration, or reoxidation) as a product
15 = Tj.opt - A (T), (13

where r; o, is the optimal (i.e., maximal) value of the rate coefficient, reached at the optimal temperature 1" = Tj ¢, and
A;(T) is the corresponding cardinal function, formulated between the lower boundary (T ;i) and upper boundary (T} mqz)

according to

2
(T =T} maz) - (T =T min)
(Tj,0pt — Tjmin) - [(Tj,opt — Tjmin) - (T — Tjopt) — (Tj,opt — Tjimaz) - (Tj,opt + Tjmin — 2T)]

i (T) = (14)
and equal to zero elsewhere (Fig. S3). In this expression, all temperatures are expressed in °C, and the index j indicates that the
parameters in Eqs. 13—14 are, in general, process-specific. Note that in contrast to the rate coefficients, the fractions cqeromin

and cppotoresp are assumed to be temperature independent in the model.
2.2.5 Model calibration

The model uses a total of 34 parameters to formally describe the boundary conditions and the regulation of biogeochemical
processes by environmental conditions. Some of these parameters were constrained by direct laboratory measurements or based
on published literature, while most parameters were estimated by fitting the model predictions to the measured data, adopting
the following approach (see details in Table S3 and Supplementary Methods, section “Model calibration steps”). For parameters
whose variation among the replicate sediment cores was not expected, the aim was to find only one representative value across
all replicate sediment cores. This included the rate coefficients 7phot05yn> Tbasalresp and Treoz, the fractions cueromin and
Cphotoresp» the P-I response parameters k; and w, and the temperature response parameters T} op¢, T min and T} pq., because
these parameters are assumed to represent the physiological response of the studied microbial community. In contrast, for
parameters whose variation among the cores was expected because of the natural variability in the sampled sediment (e.g.,
the total active MPB biomass, Byipp, or the ODU concentration at the lower boundary of the modeled domain, C’g%’[’]), their

optimal values were found individually per core, such that measurements performed in that core during a particular experiment

(PI, TR or IE) could be reproduced by the model as well as possible. Finally, parameters for which it was plausible that they

10
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would change in response to the experimental condition varying during a particular experiment (e.g., the peak location and
dispersion of the MPB biomass, p and o, varying in response to increasing incident irradiance or temperature), their optimal
values were found individually per condition and core.

A different approach was used when constraining the light attenuation coefficient, k.,;. On the one hand, the exponen-
tial model (Eq. 7) adequately described the average vertical profile of scalar irradiance, yielding the value of ks = 4.6 mm ™1
(Fig. S4). On the other hand, individual light profiles varied greatly both among and within replicate cores, with the correspond-
ing k.. values ranging between 2.5-20 mm ™! (Fig. S4). Additionally, some profiles did not follow the exponential model at
all. Because of this high variability, and the fact that the light and O2 measurements were not done at the exact same locations,
model parameters controlling light attenuation (k..;) and O production (u, o, k; and w) along the exact same vertical profile
could not be constrained independently. Instead, they were all constrained based on the measured depth profiles of Oy pro-

duction rates. More specifically, for a particular core replicate, k.,; was estimated from the maximum depth of detectable O,

production, paying attention that the value fell within the range derived from the light microsensor measurements.
2.2.6 Model implementation

The model functions were implemented in Fortran to optimize computational speed. The functions were then compiled into
a dynamically linked library (DLL) and integrated with the R programming environment (R Core Team, 2023). The model
is available as two distinct packages: O2DIA (Soetaert et al., 2025a), which provides a command line interface for model
simulations, and O2DIAshiny (Soetaert et al., 2025b), which provides a graphical user interface. The finite-difference grid
setup is facilitated by the R package ReacTran (Soetaert and Meysman, 2012), while the chemical and physical constants
are calculated by the R package marelac (Soetaert et al., 2010a). The steady-state and dynamic solutions of the model are

numerically solved using the R packages root Solve (Soetaert, 2023) and deSolve (Soetaert et al., 2010b), respectively.

3 Results
3.1 O measurements under different treatments

In the PI experiment, conducted at a constant temperature of 23 °C, an increase in the incident irradiance led to greater light
availability within the MPB biofilm, yielding higher rates of photosynthetic O2 production and thus greater O5 concentrations
in the upper few millimeters of the sediment (data-points in Fig. 1a—c). These trends are similar to those previously observed
in comparable systems (Revsbech and Jgrgensen, 1983; Al-Najjar et al., 2012; Haro et al., 2019b). Relatively large differences
were observed among the replicate cores, in particular regarding the thickness of the photosynthetically active zone, O2 pen-
etration, and magnitude of Oy concentrations at comparable illumination. O5 production was typically detectable in the top
0.5 mm of the sediment at the lower levels of indicent light, with additional contributions from deeper layers (0.5—1 mm) as

the incident light progressively increased.
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Figure 1. Vertical profiles of steady-state Oz concentrations and gross rates of Oz production in the studied MPB biofilms. Rows correspond
to different experiments, while columns correspond to replicate sediment cores. (a—c) The photosynthesis—irradiance (PI) experiment in
cores 1-3, (d—f) the temperature ramping (TR) experiment in cores 4-6, and (g-i) the immersion—emersion (IE) experiment in cores 7-9.
In each panel, data points show measured data, lines depict predictions by a calibrated model, and colors differentiate among experimental
conditions within each experiment, as specified in the legends and Table S1. Measured gross Oz production data were not available for
panel (i) because gross O2 production could not be reliably quantified from the corresponding microsensor measurements.
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However, we sometimes detected values that were inconsistent with this general pattern, such as the high O2 production
rates at depths 1.5—1.7mm in core 1 (Fig. 1a) or the elevated rates in cores 2 and 3 in the depth range of 0.5—1 mm at incident
light levels of 540 and 265 umol photons/m? /s, respectively (Fig. 1b,c). These observations are likely experimental artifacts
caused by the displacement of MPB biomass by O bubbles forming within the biofilm during the measurements. Such bubbles
can form when the biological and chemical O3 consumption combined with the diffusive transport are insufficient to counteract
the extremely high photosynthetic O2 production, leading to a local O5 accumulation to super-saturated levels.

In the TR experiment, conducted at two levels of incident irradiance (150 and
320 umol photons/m? /s), rates of O, production progressively increased as the temperature increased from 14-16 °C until
about 35 °C, whereas the steady-state Oo concentrations declined (Fig. 1d—f). When temperature reached about 40 °C, O,
production was still detectable in core 4 but collapsed to zero in core 6. Similar collapse in O2 production occurred in core
5, but at 45 °C. In the absence of detectable O2 production, Oy concentration profiles resembled those measured under dark
conditions in the PI experiment (Fig. le—f). Similar to the PI experiment, large inter-core variability was observed in the
TR experiment, in particular with core 6 (Fig. 1f) showing much lower rates of gross Oy production (roughly 10-fold) and
somewhat deeper O, penetration and lower O2 concentrations than the other replicate cores, including those from the PI
experiment.

In addition to the detrimental effect of the most extreme thermal stress tested, a relatively rapid recovery of MPB photosyn-
thesis was observed after the thermal stress was relieved. More specifically, in the replicate core 6 of the TR experiment, the
gross O5 production completely ceased at 40 °C, but recovered roughly to the same level 2 hours after the temperature was
reduced back to the initial value of 16 °C (Fig. 1f). This recovery was also reflected in the profile of O concentrations, which
reached similar levels (even slightly higher) after the recovery than during the initial measurement at the same temperature
(Fig. 1e).

In the IE experiment, conducted at the lower end of temperatures (10-15 °C) and intermediate levels of incident irradiance
(150-230 umol photons/m? /s), air exposure of the sediment surface led to a pronounced decrease in Oy concentrations com-
pared with the submerged sediment (Fig. 1g—i). While this response was reproducible among the three core replicates, the
response of the O production rates varied greatly: while core 7 showed barely any change both in the vertical distribution and
magnitude of the rates between the two conditions (Fig. 1g), sediment emersion in core 8 led to a drop in O2 production to less

than 5 % of the rates observed in the submerged sediment. No O5 production rates were measured in core 9.
3.2 Model calibration

Overall, model calibration based on the present experimental data was challenging, primarily due to the large differences
among the replicate sediment cores but also because of the impact of likely experimental artifacts on data quality (see above).
Nevertheless, although noticeable deviations remain, the calibrated model captured reasonably well the general patterns and
trends observed (compare data-points and lines in Fig. 1).

Best estimates of the parameters r'photosyns Thasalresps Cacromins Cphotoresps kI, W and m were the same or very similar

among the replicate cores (Table 1), consistent with the assumption that they represent intrinsic properties of the microbial
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Figure 2. Estimates of functions describing the response of specific processes in the studied sediments to changes in environmental condi-
tions. (a) Light response of MPB photosynthesis (Eq. 6). I corresponds to the intensity of light to which MPB cells at a particular depth in
the sediment are exposed. (b) Temperature response of MPB photosynthesis, ODU reoxidation, and MPB basal respiration (Eq. 14). Solid
lines correspond to the range covered in our experiments, dashed lines incidate predictions by the cardinal function outside of this range. (c)
Response of MPB photosynthesis to sediment emersion (Eq. 8). h denotes the water height above the sediment surface. In all panels, solid
lines depict the best estimates, shaded areas represent the minimum—maximum envelope derived based on data from 3 replicate cores.

community driving the modeled processes. The estimated values of k; = 150 umol photons/m? /s and w = 10 indicate that
photosynthesis is very efficient at low light levels and only slightly impacted by photoinhibition at very high light levels (see
the corresponding light response curve in Fig. 2a).

In contrast, parameters Bypp and CgeDe% varied considerably among the replicate cores (Table 1), reflecting the natural
variability of the studied sediments. The estimated range of Bypp (3.8-27 mol C/ m?) was consistent with the large intra- and
inter-core variability determined for the Chl a content in the surface sediment layer (3.2-34.8 mol C/m?; Table S2). Although
these two quantities are related, constraining Bypp for each core directly from the corresponding Chl a content was not
possible because of the different spatial scales at which these two quantities were determined (<mm? for Bypg versus cm?
for Chl a). Regarding the parameter Cg%%, which represents concentrations of reduced porewater solutes such as ammonia or
dissolved sulfide or iron in deeper sediment layers, its estimated inter-core variability (by a factor of 10; Table 1) is plausible
but could not be verified due to the lack of direct measurements of these substances.

When analysing the data from the PI experiment, we found that they could not be consistently reproduced by the model
unless MPB biomass was allowed to vertically redistribute in response to the variation in incident irradiance. More specifi-
cally, we found that the parameter o, which describes the vertical dispersion of the MPB distribution (Eq. 4), systematically
increased with increasing incident irradiance (Fig. S5a). This pattern was reproducible among the replicate cores and could be

approximated by a linear relationship,

o(I,)~02x107%+2.25x 1077 - I,, (15)
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where the incident irradiance, I,,, is in pmol photons/ m?2 /s. In contrast, the parameter 1, which describes the depth of maximal
MPB biomass concentration, showed modest differences among the cores but no systematic relationship with the incident
irradiance (Fig. S5a). Overall, these findings suggest that light availability controls O, dynamics in the sediments not only
directly by affecting MPB photosynthesis, but also indirectly by inducing MPB redistribution within the surficial sediment.

Another notable pattern identified when fitting the data from the PI experiment was that the parameter r,..,, Which de-
scribes ODU reoxidation, needed to increase by a factor of 5 between the dark and light conditions (Table 1). Because the O5
penetration depth markedly differs between these two conditions (Fig. 1a—d), this finding suggests significant differences in
ODU reoxidation depending on whether it occurs closer to the sediment interface (at depths z < 0.25mm) or at greater depths
(z 2 0.5mm).

When fitting the data from the TR experiment, we found that parameters cqeromin and Cppotoresp remained unchanged across
the different temperatures tested and were consistent among replicate cores (Table 1). In contrast, the rate coefficients 7p40t05yn.»
Thasalresp aNd 7o Showed temperature dependency which was adequately described by the cardinal function (Fig. 2b). More
specifically, photosynthetic Os production increased steadily with rising temperature, peaking at around 35 °C before sharply
declining to zero at 40-45 °C. Basal respiration followed a similar trend but increased more steeply at lower temperatures than
O, production, whereas ODU reoxidation showed greater thermal tolerance than O4 production, peaking at around 45 °C. Our
modeling analysis suggested that ODU reoxidation would decline to zero at about 55 °C, but the range of temperatures tested
in this study was insufficient to verify this. Additionally, we found that only minor modifications of the parameters describing
the vertical MPB biomass distribution (x and o) were necessary when fitting the data from the TR experiment (Fig. S5b).
Overall, these findings suggest that temperature controls Oz dynamics in the sediments by directly, but differently, affecting
the O2 producing and consuming processes.

When analysing the data from the IE experiment, we could reproduce the data by assuming that the photosynthetic O4
production decreased by a factor of 0.4-0.5 when the sediment surface became exposed to air (Fig. 2¢). Although the changes
in O production observed in the replicate core 8 additionally suggested downward migration of MPB in response to sediment

emersion, this response was not supported by data collected in the replicate core 7 (cf. Fig. 1g and 1h).
3.3 Model output

The model generates vertical profiles of the two state variables and process rates as a function of time, together with the
corresponding average and maximum O concentrations in the oxic zone, O penetration depth, depth-integrated process rates,
and Oy and ODU fluxes across the model boundaries. This output enables comprehensive evaluation of how Oz production,
internal recycling and exchange with the overlying water impact O4 availability and budgets in the sediment. To illustrate this
under steady state conditions, we visualize the model output for a system with representative properties and under a range
of environmental conditions. The choice of the representative properties was guided by the range of values estimated for the
replicate cores from the PI experiment (Table 1), including the empirical trend identified for o (Eq. 15), while the range of
environmental conditions aligned with those used in our experiments. Because of the model’s sensitivity to the parameter

values, in particular to Cypg, C’gﬁ;{}, kextsolia and 6, we emphasize that the results presented below should be treated as
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illustrative examples of the trends and patterns in the response of a particular system to specific variations in environmental

forcing.
3.3.1 Vertical distribution of model variables and process rates

In the PI forcing scenario, increasing incident irradiance at the SWI increases light availability inside the sediment, broadens
the MPB biomass distribution, and shifts photosynthetic Oy production slightly deeper into the sediment (Fig. 3a). In the dark
and at low irradiance levels, O, consumption has a single dominant peak, mainly associated with ODU reoxidation near the
lower edge of the oxic zone. With increasing irradiance, enhanced Os production raises Oy concentrations and deepens O2
penetration, and the consumption profile develops a distinct bimodal structure: a near-surface peak linked to MPB-associated
aerobic mineralization and respiration, and a deeper peak caused by ODU reoxidation. These two O4 consumption peaks show
different sensitivity towards light. While the surface peak increases substantially in magnitude and spreads slightly towards
deeper layers as the incident irradiance increases, the deeper peak mostly shifts downward, with only a modest increase in the
vertical spread and magnitude. As a direct consequence of this spatial reorganization, ODU is progressively depleted from the
surface layer, and the depth at which ODU starts to accumulate shifts downward.

In the TR forcing scenario, incident irradiance is fixed and so the light field and MPB biomass distribution remain unchanged
while process rates respond to temperature (Fig. 3b). At sufficiently strong levels of incident irradiance, low temperatures yield
the bimodal structure of the O2 consumption processes described above, with a surface component linked to MPB production
and a deeper component associated with ODU reoxidation. As temperature increases, O, production and O5 consumption first
increase, but a stronger increase in consumption reduces O concentrations and penetration, causing the consumption zone and
the ODU reoxidation peak to shift upward. At temperatures exceeding the photosynthetic optimum (and close to the optimum
for ODU reoxidation), Oy production rapidly declines and the O consumption profile changes from a bimodal structure to
a single near-surface peak resembling the dark state.

In the IE forcing scenario, the effects of sediment emersion are much more pronounced under light compared to dark
conditions (Fig. 3c). Under light conditions, air exposure reduces O2 production by the dry-production factor (about 0.4). In
combination with the reduction in the DBL thickness to zero and the sustained supply of ODU from deeper sediment layers, this
leads to substantially lower O concentrations, shallower O penetration, and reduced O, consumption confined to a narrower
zone closer to the sediment surface. In the dark, DBL reduction under air exposure leads to a slightly stronger surface O2
supply due to atmospheric exchange, causing a slight increase in O9 penetration and thus broadening of the ODU reoxidation

zone.
3.4 O, budgets and availability

In the PI forcing scenario, the depth-integrated gross Os production increases with incident irradiance and approaches a plateau
of approximately 1.4mol O, /m?/d at the highest irradiance levels (Fig. 4a). The sediment acts as a net O, sink in the dark,
with the corresponding Oy flux at the SWI of 0.1 molOs/ m? /d, and shifts to a net O source as the incident irradiance

increases above the compensation irradiance of ~30 pmol photons/m? /s. At all irradiance levels, most of the O, produced by
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Figure 3. Examples of an output generated by the O2DIA model. Shown are steady-state vertical profiles of light, MPB biomass, O2
production, O2 concentration, ODU concentration, and total O2 consumption in response to varying (a) incident irradiance, (b) ambient
temperature, and (c) sediment emersion. Solid lines show the output for a system with representative properties (shown in Table 1, column
“MC simulations”), shaded bands show the min—max envelope from 100 Monte Carlo simulations in which selected parameters were varied
uniformly within +10 % of their representative values. Different forcing conditions are depicted in different colors, as indicated in the
legends.
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Figure 4. Examples of an output generated by the O2DIA model. Shown are various metrics describing O2 budgets and availability in the
sediment under steady-state conditions in response to varying (a) incident irradiance, (b) ambient temperature, and (c) sediment emersion.
The first column shows the depth-integrated rates of Oz production by MPB photosynthesis, total O2 consumption, and the corresponding
net O flux at the sediment surface (positive values represent net export into the overlying water or air, negative values represent net import
into the sediment). The second column shows total O2 consumption and Oz export normalized to O2 production, representing the relative
degrees of internal O2 recycling and net autotrophy within the system, respectively. The third column shows relative contributions of aerobic
mineralization, ODU reoxidation, photorespiration, and basal respiration to total Oz consumption. The fourth column shows O2 penetration
depth into the sediment (left axis) and the maximum and mean O2 concentration within the oxic zone of the sediment (right axis). Simulations
were performed for ambient temperature of 23 °C (panels a and ¢) and incident irradiance of 170 yumol photons/m? /s (panels b and c). Solid
lines and bars show the output for a system with representative properties (shown in Table 1, column “MC simulations”), shaded bands and
error-bars show the min—-max envelope from 100 Monte Carlo simulations in which selected parameters were varied uniformly within +10 %
of their representative values.
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MPB photosynthesis is internally recycled by the Os consuming processes. For example, O recycling decreases from 100 %

435 reached at the compensation point and stabilizes at about 75 % at intermediate to high irradiance levels. Consequently, O
export into the overlying water does not exceed 25 % from production. ODU reoxidation is by far the most dominant pathway
of Oy consumption at low irradiance levels. However, as the irradiance increases, this dominant role is sharply overtaken by
aerobic mineralization, whose relative contribution stabilizes at about 50 % at intermediate to high irradiance levels. In this
range, the contribution of photorespiration also becomes progressively more significant, reaching about 20 % at the highest

440 irradiance levels. Basal respiration remains a minor component of the total O consumption throughout, contributing less than
1.3 %.

This light-dependent balance between the O producing and consuming processes directly impacts O5 availability in the
sediment (Fig. 4a). For example, O5 penetration increases from about 0.37 mm in the dark until about 1 mm at the highest
irradiance levels, and this increase is accompanied by a gradual raise in the average and maximum Oy concentrations within

445  the oxic zone, which reach up to 0.53 and 0.88 mol O5/ mf’iquid, respectively.

In the TR forcing scenario, depth-integrated gross O production increases with temperature, reaching a peak of ~1.3mol Oy /m?/d
at 35 °C before declining sharply towards zero at higher temperatures (Fig. 4b). O5 consumption shows a similar pattern but
remains significant over a broader high-temperature range because of the greater thermal tolerance of ODU reoxidation com-
pared to photosynthesis. In the temperature range between 1-38 °C, the level of internal O recycling gradually increases from

450 62 % to 80 %. Thus, in this temperature range, the sediment’s degree of net autotrophy declines from 38 % to 20 %. Aerobic
mineralization contributes roughly 50 % to the total O, consumption in this temperature range, while ODU reoxidation com-
bined with photorespiration contribute the remaining 50 %. Once O2 production starts collapsing at temperatures above 42 °C,
the sediment shifts from a net O4 source to a net O sink, with ODU reoxidation being the main pathway of O consumption.
Similar to the PI scenario, the contribution of basal respiration remains negligible at all temperatures.

455 As a result of this temperature-dependent balance between the O- producing and consuming processes, Oy penetration
gradually declines from 1.5 mm to 0.7 mm in the temperature range between 1-38 °C, followed by a sharp drop towards
~0.2mm above 43 °C due to the collapse of photosynthesis combined with a stronger temperature tolerance of ODU reoxida-
tion (Fig. 4b). This declining trend is accompanied by a similar pattern for the average and maximum O5 concentrations within
the oxic zone.

460 In the IE forcing scenario, the most notable effect occurs under light conditions, where O9 export across the sediment surface
drops from ~0.26 mol Oz /m?/d under submerged conditions to near-zero under air exposure (Fig. 4c). This drop is driven by
the contrasting responses of Oy production and ODU reoxidation to sediment emersion: while the former drops by ~60 %, the
latter remains persistently strong under both submerged and air-exposed conditions. This large drop is also accompanied by the
correspondingly large reductions in O penetration and maximum and average O concentrations in the oxic zone. In the dark,

465 the effects of sediment emersion on O, availability and budgets are reversed, albeit relatively minor. The DBL compression
associated with air exposure increases the Os flux into the sediment by ~8 %, leading to a slightly deeper O5 penetration and

higher maximum and average O, concentrations. The Oy consumption is almost fully driven by ODU reoxidation.
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4 Discussion

The model developed in the present study provides new insights into the mechanisms governing O2 dynamics in MPB-inhabited
intertidal sediments. Interpretation of the model results, however, requires careful consideration of the key model assumptions
and uncertainties. In the following sections, we first discuss these assumptions and uncertainties before examining the specific
implications of the model for MPB migration and oxygen production and consumption in the studied system, including their
response to light, warming and tidal forcing. Finally, we assess the broader applicability of the model and identify points of

further improvement.
4.1 Model assumptions and uncertainties

An important assumption in the present model is that the total active MPB biomass in the surface sediment layer is imposed
and remains constant through the experiments. Although we did estimate MPB biomass via Chl-a measurements in samples
collected from the experimental cores, these measurements showed substantial variability or were sometimes unreliable due to
the limited amount of MPB biomass (Table S2). Additionally, the conversion from Chl-a to carbon biomass carries a large level
of uncertainty (Geider et al., 1997), and surface Chl-a samples may not fully represent the metabolically active MPB biomass
in the sediment. Thus, we used the Chl-a measurements only to constrain the order of magnitude of the active MPB biomass
while treating this quantity as an adjustable parameter in the model to explain the variability among the experimental cores.
This approach allowed us to use the same value for the rate coefficient 7ppo10syn (Which represents the gross photosynthetic
O, production rate normalized per unit of MPB biomass) across all replicate cores, consistent with the assumption that this
parameter represents an intrinsic physiological property of the studied MPB community.

An important uncertainty in the present model involves parameters that characterize the photosynthesis—irradiance response
of the studied MPB community (k; and w), caused by highly variable and sometimes inconsistent measurements of light
attenuation in the sediment. In line with previous studies, we modeled light attenuation in the sediment using an exponen-
tially decreasing function of depth, parameterized by the light extinction coefficient k.,;. However, our measurements with a
scalar irradiance microprobe sometimes deviated from this idealized model and showed great variability even if measured in
locations only a few millimeters apart. These findings showed that the studied MPB biofilms were horizontally and vertically
highly heterogeneous, at least with respect to the MPB biomass concentration, and additionally indicated that the simple expo-
nential function, although adequate on average (Fig. S4), may not be an adequate model of light attenuation for any particular
horizontal location.

Because we did not perform O and light measurements at the exact same locations, the high results variability implied that
we could not directly link the rate of photosynthetic O2 production at a particular depth in the sediment with an accurately
measured value of the locally available light. Instead, we linked the O production rate with a light level that was calculated
based on the assumption that light attenuates exponentially with depth and penetrates as far as the maximum depth of detectable

O, production.
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Based on this approach, our results indicate that photosynthesis by the studied MPB community is very efficient at low light
levels and only slightly impacted by photoinhibition at very high light levels (Fig. 2a). We emphasize, however, that because we
used an indirect approach to constrain the parameters k; and w, their estimates may be inaccurate, with an unknown degree of
uncertainty. To overcome this issue, future studies need to conduct parallel O2 and light microsensor measurements in locations
that are not more than ~100 pm apart or use a different, more direct experimental approach to evaluate the community’s light

response.
4.2 Simplified representation of MPB migration

Light is regarded as one of the main drivers of MPB vertical migration (Haro et al., 2019a). Additionally, it directly affects
the functioning of their photosynthetic apparatus, triggering photoprotective mechanisms and causing photoinhibition (Serodio
etal., 2005). An earlier study on the migratory photoresponse of MPB showed a clear biphasic pattern: as the incident irradiance
increased from low to high levels, MPB biomass in the upper sediment layer increased at low levels, reached a maximum at
intermediate levels, and subsequently declined at higher levels due to a photophobic downward migration of cells away from
the sediment surface (Serddio et al., 2006).

In the present study, the vertical MPB biomass distribution is described by two parameters, o and p, reflecting a simplified,
empirical-based parameterization rather than a mechanistic representation of the underlying process. Our analysis suggested
that the parameter o, which describes the vertical spread of the biomass distribution, increased with irradiance level (Fig. S5,
Eq. 15), indicating that the biomass distribution extended deeper into the sediment with increasing irradiance. Although the
estimated values of y, which describes the depth of the peak MPB biomass, varied considerably among irradiance levels and
replicate cores, they showed a slight decrease with increasing irradiance. However, this trend was not statistically significant
(p =0.357). Thus, our results support a light-induced broadening of the vertical biomass distribution but not a systematic
downward shift of the biomass maximum. In contrast, Haro et al. (2019b) reported an initial upward migration under low to
intermediate irradiance, followed by a downward migration at higher irradiance. One possible explanation for this difference
is the much stronger light attenuation in our sediment system compared with the biofilm system investigated by Haro et al.
(2019b). Because of this stronger light attenuation, MPB residing in deeper sediment layers likely remained light-limited across
the entire range of irradiance applied in our experiments. Increasing the incident irradiance therefore allowed photosynthetically
favorable conditions to extend to greater sediment depths, leading to a broader vertical distribution of the active biomass, but the
light available at depth apparently did not reach sufficiently high levels to induce photoprotection-driven downward migration
for the majority of the MPB community, which would manifest as a measurable downward shift in the position of the biomass

maximum.
4.3 New quantitative constraints on reoxidation and photorespiration

O, in intertidal sediments is known to be primarily consumed via (i) aerobic heterotrophic activity of fauna and bacteria
and (ii) reoxidation of reduced inorganic compounds released during anaerobic organic matter mineralization. However, a

direct method to measure the relative importance of these pathways remains elusive (Glud, 2008). In the present study, we
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measured both O production rates and steady-state vertical O2 profiles that result from the combined effects of production
and consumption. By explicitly formulating the total O, consumption as a sum of multiple pathways, each described by a
mechanistic-like rate expression, the model allowed us to separately estimate their individual impacts and contributions.

Using this approach, we found that Oy consumption via reoxidation of reduced compounds primarily controls the O pen-
etration depth, whereas basal respiration, aerobic mineralization, and photorespiration mainly act to reduce O concentrations
in the oxic zone of the sediment, i.e., where MPB photosynthesis is detectable. Basal respiration occurs both in the light and in
the dark, but its contribution to total Oy consumption remains small. In contrast, aerobic mineralization and photorespiration
are indirectly coupled to light through O2 production and thus mainly contribute under illuminated conditions. Aerobic miner-
alization increased rapidly with irradiance and accounted for approximately 30-50% of total O5 consumption under moderate
to high light, whereas photorespiration was negligible at low irradiance but increased to ~20% at the highest irradiance levels.
Taken together, these processes shape O, dynamics in intertidal sediments by jointly regulating both the penetration depth and
concentrations of O, near the sediment surface.

During model calibration, it was necessary to treat ODU reoxidation under light and dark conditions differently. More
specifically, we needed to use a larger reoxidation rate coefficient (7, ) under light conditions compared to the dark in order
to adequately model the measured O, profiles. A possible explanation for this difference is that the measured O profiles were
still in a transient state, while the calibration assumed that a steady state was reached. This hypothesis is plausible because ODU
are supplied from a much thicker sediment layer than the oxic zone, and thus the response of the ODU profile to changes in O4
availability (caused by changes in illumination) is much slower than the response of the O4 profile to changes in illumination.
However, a true steady-state O profile can only be reached if the ODU profile also reaches a steady state. It is possible
that steady-state ODU and O profiles were never truly reached during our PI experiments, because the intervals of steady,
but progressively increasing, illumination were insufficiently long. Modeling tests based on dynamic simulations rather than
steady-state solutions are required to evaluate whether this effect alone can explain the apparent difference in 7,..,, between
light and dark conditions.

Another plausible explanation could be the presence of solid-phase ODU, which are not included in the model. In sediments,
reduced compounds may accumulate in deeper layers over longer timescales as solid-phase ODU (e.g., FeS; Canfield et al.
(2005)), particularly in permanently anoxic layers or at depths where O is present only under very strong illumination of the
sediment surface, which may be rare under natural conditions. Hence, if such a strong illumination occurs, such as during our
PI experiments, Oy produced by MPB photosynthesis will reach these accumulated reduced pools, effectively increasing the
local O demand without requiring a change in the reaction rate coefficient. Another possibility is that, due to pH dependency
of speciation of ODU constituents such as sulfide or ammonia (Canfield et al., 2005; Malkin and Meysman, 2015), ODU
reoxidation is sensitive to variation in pH, which is known to occur in MPB biofilms as a result of rapid CO2 uptake by
photosynthesis in the light and net CO, release in the dark (Kiihl et al., 1996). These hypotheses could be tested by conducting
high spatial resolution ODU measurements and including the components and mechanisms mentioned above in the model.

In addition to aerobic heterotrophic activity and reoxidation, photorespiration is another pathway contributing to O2 con-

sumption in the sediment exposed to light. Previous studies showed that high photosynthesis rates in dense MPB communities
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elevate pH and O concentration while depleting CO», creating an oxidative environment with elevated reactive oxygen species
(ROS), thereby inducing intensive photorespiration (Glud et al., 1992; Kiihl et al., 1996). Photorespiration may account for car-
bon equivalents subsequently lost from gross photosynthesis measured with O microsensors (Glud et al., 1992), yet the impact
of this pathway has not been quantitatively constrained in natural biofilm systems.

In the present study, we formulated photorespiration as a fraction of O production modulated by a power function of Oq
concentration (Eq. 10), in line with the empirical relationship proposed in industrial studies on microalgae cultivation (Costache
et al., 2013). The value for the exponent estimated from the present data (/m = 4; Table 1) aligned well with the previously
reported values between 2.9 and 5 (Costache et al., 2013; Ippoliti et al., 2016). Using this relationship, we found that O losses
due to photorespiration were negligible at low light intensities but reached up to approximately 20% of the photosynthetically

produced O, at high irradiance (Fig. 4a).
4.4 The impact of warming on O, production and consumption

The overall temperature response of a benthic ecosystem comprises contributions from multiple processes. Traditionally, this
response is quantified through the parameter Q;, which indicates the relative increase in the rate of a process when tempera-
ture increases by 10 °C. Previous studies on diatom-covered sediments reported Q¢ values of 2.2-2.6 for photosynthetic O4
production and 2.6-5.6 for O5 consumption by aerobic mineralization, indicating a tendency of the system to shift from net
autotrophy towards net heterotrophy as the temperature increases (Hancke and Glud, 2004). However, the simple Q;¢-based
formulation cannot capture thermal inhibition at temperatures above the optimum.

To model the temperature response observed in the present study, in particular the collapse of O5 production at high temper-
atures, we employed a cardinal function (Rosso et al., 1993; Bernard and Rémond, 2012), which begins with a gradual increase,
peaks at an optimal temperature, and then sharply declines to zero at high, potentially damaging temperatures. This approach
allowed us to reproduce the system’s gradual shift towards a lower degree of net autotrophy with increasing temperature (Fig.
4b), consistent with previous observations by Hancke and Glud (2004). Additionally, using this approach we found that O4
consumption had a higher optimal temperature and heat tolerance than photosynthesis (both by roughly 10 °C), which aligns
well with the results of earlier studies on single-species algae, where the optimal temperature for photosynthesis is typically
around 35 °C, while the maximum temperature is about 45 °C or even 50 °C (Costache et al., 2013; Ippoliti et al., 2016).

The mechanisms underlying the decline in productivity at high temperatures have been investigated extensively. Elevated
temperatures can lead to protein denaturation, including critical enzymes involved in photosynthesis (Berry and Bjorkman,
1980). High temperatures may also disrupt the electron transport chain, particularly in photosystems PSII and PSI (Al-
lakhverdiev et al., 2008), and cause an accumulation of ROS (Mittler, 2002; Apel and Hirt, 2004), leading to cellular damage,
DNA mutations, and lipid peroxidation. In densely packed algal communities, increased temperatures can result in local pH im-
balances, disrupting cellular functions (Giordano et al., 2005), and leading to the degradation of chlorophyll and other pigments
vital for photosynthesis (Havaux, 1993).

In the final replicate of the temperature ramping experiment, we observed a complete cessation of Oy production at 40 °C,

followed by a full recovery about 2h after the temperature was reduced back to the baseline value of 16 °C. This finding
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suggests that, in the studied MPB community, mechanisms such as enzyme function restoration, repair of photodamage to
PSII, and ROS reduction enable a relatively fast recovery of photosynthetic productivity from high-temperature stress. It also
suggests that, on the time scales of hours and at temperatures up to 40-45 °C, models utilizing the cardinal function to describe

the temperature response of MPB photosynthesis may assume that the response is instantaneous and reversible.
4.5 TImpact of sediment emersion on O, dynamics

Our measurements showed consistently higher O2 concentrations and production rates in submerged sediments compared to
sediments exposed to air, in agreement with the observations of Haro et al. (2019b). However, the mechanisms underlying this
pattern remain poorly understood and no clear mechanistic explanation has yet been established.

Several processes may contribute to the enhanced photosynthetic activity under submerged conditions. One possible ex-
planation, suggested by Cook and Rgy (2006), is that sediment submersion increases the availability of dissolved COs for
MPB cells, thereby stimulating photosynthesis by approximately 20 %. In addition, submersion provides continuous access to
dissolved nutrients such as nitrate and phosphate, which may further support primary production. Physical changes in the sed-
iment may also play a role. For example, Lara et al. (2018) observed reduced porewater content and compaction of the surface
sediment during emersion, which could alter the vertical distribution of MPB and consequently their access to light. However,
the relative importance of these biogeochemical and physical factors remains unclear and requires further investigation.

In our model, the observed differences between submerged and emersed conditions are represented empirically through
a modified O, diffusivity combined with a productivity adjustment function (Eq. 8). Although this approach successfully
reproduces the measured differences, it does not explicitly resolve the underlying mechanisms and should therefore be regarded

as a pragmatic parameterization rather than a process-based representation.
4.6 Model applicability and future development

The model developed in the present study provides a new way to extract primary production parameters from microsensor
measurements by explicitly accounting for vertical light attenuation and MPB biomass distributions in intact sediments. Current
methods for quantifying benthic primary production include 3C or *C incubation (often performed on surficial sediment
samples that are homogenized or suspended in seawater), closed chamber-based methods, or microsensor-based approaches,
each with its benefits and limitations (Revsbech et al., 1981). These methods yield results in the form of gross or net primary
production, making comparisons difficult. For example, chamber-based measurements of O, exchange rates across the SWI
can be confounded by animal respiration (Glud and Blackburn, 2002), while P-I response parameters derived from '*C or
Bc uptake in sediments dispersed in water lack the biofilm’s natural gradients (Cibic et al., 2008; Brinkman et al., 2015).
Microsensor-based methods allow detailed analysis of photosynthesis and O consumption (Revsbech and Jgrgensen, 1983;
Kiihl et al., 1996), but previous studies commonly derived P-I relationships by relating depth-integrated gross production to the
incident light intensity at the sediment surface. While this approach describes the apparent productivity response of the biofilm

as a whole, it does not resolve how the local production response varies with depth. By combining light attenuation with an
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assumed vertical distribution of MPB biomass, our model estimates depth-resolved Oy production while using a single set of
photosynthetic response parameters to represent the MPB community as a whole.

Upscaling of the present model, for example to study primary production across larger systems such as intertidal flats,
presents some challenges. The primary limitation are the microsensor measurements, which are used for model calibration.
These measurements capture production at a single point, making extrapolation difficult due to the high degree of spatial
heterogeneity of intertidal sediments (Glud, 2008). Additionally, acquisition of a comprehensive microsensor data set requires
at least 30 min, which limits the ability to collect representative amount of data in a constrained time frame. Variability in
additional relevant factors, such as the carbon-to-chlorophyll-a ratio, is another potential source of uncertainty.

Nonetheless, by implementing a combination of mechanistic and empirical formulations, our model allows a quantitative
assessment of the contributions of different Oy production and consumption pathways to the overall O, budgets in intertidal
sediments. Additionally, by representing MPB as a vertically mobile oxygen source and using established equations to capture
the effects of irradiance, temperature, and emersion on MPB productivity, our model is transferable to intertidal sediments in
other locations. Advances in automated microprofiling technology (Meresse et al., 2023) now enable faster data acquisition
under controlled conditions, which significantly improves data collection. When combined with our model, this technology
can provide a powerful framework for investigating sediment Oy dynamics with high spatial and temporal resolution.

Currently, the model is one-dimensional and does not consider lateral processes along tidal gradients or advective transport
processess that impact sediment O, dynamics in more permeable sediments, such as wave-driven porewater exchange (Precht
and Huettel, 2003; Precht et al., 2004), bioturbation and bioirrigation (Polerecky et al., 2006; Meysman et al., 2006; Volken-
born et al., 2007). Future developments could incorporate these aspects. Given the critical role of O fluctuations in coastal
biogeochemical cycles (Fusi et al., 2023), expanding the model to a larger spatial and seasonal scale would allow for more

comprehensive assessments of carbon, nitrogen, and phosphorus budgets under various climate scenarios.

5 Conclusions

This study provides a process-based framework for simulating O, dynamics in the upper layer of MPB-inhabited intertidal
sediments under varying light, temperature, and tidal conditions. By combining mechanistic process descriptions with high-
resolution microsensor measurements, the model links observed Oy concentration and gross photosynthesis profiles to the
underlying biogeochemical processes controlling oxygen production and consumption.

Application of the model to muddy sediments from the Oosterschelde tidal bay provides new insight into the functioning
of this MPB community. Our analysis indicates that the community is adapted to low irradiance and responds to changes
in incident light through vertical migration. It further shows that the dominant pathways of sediment Oy consumption shift
with environmental conditions, with reoxidation dominating at low irradiance, aerobic mineralization becoming increasingly
important at higher irradiance, and photorespiration representing an additional oxygen sink under high light conditions. The
cardinal function adequately describes the temperature response of both oxygen-producing and oxygen-consuming processes

across the investigated temperature range.
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The model is released as an open-source tool that can be further developed and adapted to other intertidal sediment systems
through appropriate parameterization. Future measurements covering a broader range of sediment types, geographical loca-

tions, and seasons will allow improved parameter estimation, broader model validation, and increased predictive capability.

Code and data availability. The reaction—transport model presented in this study is openly available as two R packages. O2DIA, which
provides a command-line interface for model simulations, is archived at Zenodo (Soetaert et al., 2025a) (https://doi.org/10.5281/zenodo.
17203645). O2DIAshiny, which provides a graphical user interface, is archived separately at Zenodo (Soetaert et al., 2025b) (https://doi.
org/10.5281/zenodo.17203649). The experimental data supporting the findings of this study, together with the model documentation, are
available in the O2DIA Zenodo archive.
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