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Abstract. Urban coastal ecosystems, which are strongly influenced by human activities and elevated nutrient inputs, can
contribute to climate-change mitigation through carbon uptake, fixation, and storage. However, it remains unclear how the
underlying carbon-control structures governing these functions respond to nutrient enrichment, owing to the interactions of
multiple biogeochemical processes across pelagic and benthic systems. In this study, we applied the benthic—pelagic coupled
ecosystem model EMAGIN-B.C. ver. 2 to Tokyo Bay to examine how nutrient loading influences carbon cycling in urban
coastal environments. To interpret these responses mechanistically, carbon cycling was organised into three paired flux
balances representing carbon uptake (A/R), carbon fixation (F/U), and carbon storage (S/D). These functional pairs were
analysed within a conceptual framework of a Dual Carbon Loop consisting of organic and carbonate pathways. Model
simulations demonstrate that increased nutrient loading enhances atmospheric CO: uptake and pelagic carbon fixation.
However, the dominant mechanisms controlling carbon cycling differ substantially across regions. In the estuarine region,
nutrient enrichment amplified pelagic primary production, resulting in simultaneous increases in carbon uptake, fixation, and
organic carbon burial. In the central bay, production and remineralization are intensified in tandem, indicating strong internal
coupling of carbon fluxes. In contrast, tidal flats exhibited a transformation-dominated response wherein externally supplied
organic matter was rapidly processed by benthic communities, thereby limiting net pelagic fixation while maintaining
relatively stable carbonate storage and producing a system characterised more by transport, transformation, and
redistribution than by new production. These contrasting responses indicate that identical nutrient forcing can produce
distinct carbon-cycling behaviours depending on the regional ecosystem structure. We interpret these patterns as spatial
differentiation of carbon-control structures governed by the relative balance of opposing carbon fluxes within the Dual
Carbon Loop system. The proposed framework provides a mechanistic basis for understanding how nutrient management
influences climate-mitigation functions in urban coastal ecosystems and offers a perspective for analysing shallow, nutrient-

enriched coastal systems characterised by strong benthic—pelagic biogeochemical coupling.
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1 Introduction

According to the Sixth Assessment Report of the IPCC (IPCC, 2021), under the SSP5-8.5 scenario representing the highest
greenhouse gas emissions, the global mean surface temperature is projected to increase by up to 5.7 °C during 2081-2100
relative to the 1850—1900 baseline. Therefore, reducing greenhouse gas emissions—particularly CO.—remains an urgent
global challenge. In this context, the ocean functions as a major sink and storage reservoir for atmospheric CO: (Archer and
Brovkin, 2008; Falkowski et al., 2000; Solomon, 2007; McLeod et al., 2011). Oceanic carbon storage is governed by a
sequence of coupled processes comprising (1) uptake of atmospheric CO: into seawater via air—sea CO: fluxes (carbon
uptake), (2) fixation of dissolved inorganic carbon (DIC) into biological biomass through photosynthesis and shell formation
(carbon fixation), and (3) burial of fixed carbon into deeper sediment layers (carbon storage) (Sohma et al., 2018) (Fig. 1).
Urban coastal areas with high biological productivity are considered to have a significant potential to mitigate climate
change through these processes of carbon uptake, fixation, and storage (Nellemann et al., 2009). Studies on carbon fixation
and storage in coastal ecosystems, including blue-carbon ecosystems, have progressed worldwide (Alongi, 2016; Chen,
2013; Chmura, 2003; Donato et al., 2011; Fourqurean et al., 2012; Frankignoulle et al., 1998; Kubo and Kanda, 2017;
Kuwae et al., 2016; Murdiyarso et al., 2015). Nutrients such as inorganic nitrogen and phosphorus flowing into urban coastal
areas alter biological production, particularly primary production, thereby influencing carbon uptake, fixation, and storage. A
large portion of these nutrients originates from anthropogenic sources; therefore, their inflow loads are manageable. In Japan,
nutrient loads to enclosed coastal seas—such as Tokyo Bay, Ise-Mikawa Bay, Osaka Bay, and Seto Inland Sea—have been
reduced through wastewater discharge regulations since the 1970s and nutrient control policies since the 2000s (Ministry of
the Environment, 2011; Ogura and Takada, 1995; International EMECS Centre, 2008). In recent years, seasonal control of
advanced wastewater treatment has been attempted as a measure to address oligotrophication (Japan Fisheries Engineering
Association, 2024; Nishijima, 2019; Okamoto, 2021; Ministry of Land, Infrastructure, Transport and Tourism, 2023).
Consequently, nutrient management is being reconsidered not only as a water-quality policy but also as a component of
climate-change mitigation strategies. However, the influence of nutrient loading on climate-mitigation functions in coastal
ecosystems is not straightforward. Increased nutrient input may enhance primary production and stimulate air—sea CO2
uptake through DIC consumption. Nevertheless, these processes strongly depend on the dynamics of the carbonate
equilibrium system (DIC, total alkalinity (TA), pH, and pCO:) (Dickson et al., 2007; Hoffert et al., 1979). Furthermore, the
carbonate system itself is dynamically regulated by biological metabolism, chemical reactions, and physical mixing

processes (Yates et al., 2007; Fennel and Wilkin, 2009; Turi et al., 2014; Thomas et al., 2009; Donato et al., 2011).

In addition, enhanced organic matter sedimentation associated with increased production may induce anaerobic conditions in
sediments (Canfield, 1994; Jessen et al., 2017), thereby altering mineralization rates (Bastviken et al., 2003; Kristensen and
Holmer, 2001; Hedges and Keil, 1995; Andersen, 1996). Such changes may lead to hypoxia-induced mortality of benthic

fauna and variations in shell formation, potentially exerting both positive and negative effects on carbon fixation and storage.

2
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Moreover, CaCOs formation consumes TA and lowers pH, thereby altering pCO: and influencing air—sea CO: exchange
(Thomsen et al., 2018; Zhou et al., 2024). Overall, the response of climate-mitigation functions to nutrient inputs represents a
complex system governed by the coupling among carbonate chemistry, ecosystem processes, and biogeochemical dynamics
across the atmosphere—pelagic—benthic system. Importantly, these coupling strengths and dominant processes may vary
spatially depending on regional characteristics. For example, in estuarine areas, photosynthesis may intensify under high-
nutrient conditions, while river water characterised by low pH and high pCO: (Ikuta et al., 2005; Ando et al., 1992) may
enhance CO: release to the atmosphere. In tidal-flat environments, repeated exposure and inundation can enhance benthic
metabolism, and alkalinity consumption associated with shell formation may strongly influence the carbonate equilibrium. In
central bay areas, differences in physical mixing and water residence time may lead to alternative balances between
production and remineralization. Therefore, climate-mitigation functions in urban coastal environments cannot be interpreted
as a single, uniform response to nutrient inputs. Instead, the governing carbon processes may spatially differentiate
depending on regional environmental characteristics such as hydrodynamic conditions, benthic—pelagic coupling, and
ecosystem structure. In this study, we applied the benthic—pelagic coupled ecosystem model EMAGIN-B.C. (Sohma et al.,
2018) to Tokyo Bay to examine how nutrient loading influences carbon uptake, fixation, and storage in contrasting coastal
environments. To interpret these responses mechanistically, carbon cycling processes were organised into three paired flux
balances: carbon uptake (A/R), carbon fixation (F/U), and carbon storage (S/D). These functional pairs were analysed within
a conceptual framework of a Dual Carbon Loop consisting of organic and carbonate pathways.

Using this framework, we compared the responses of carbon cycling across three representative regions of Tokyo Bay—
estuarine region, central bay, and tidal flats. By examining the relative dominance of opposing carbon fluxes in each region,
we identified distinct carbon-control structures governing carbon uptake, fixation, and storage. The objective of this study is

to elucidate the spatial differentiation of carbon-control structures in urban coastal ecosystems under nutrient enrichment.
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Figure 1. Conceptual diagram of climate-change mitigation functions in coastal ecosystems. Atmospheric CO: is absorbed into
seawater through air-sea CO: exchange (carbon uptake). Dissolved inorganic carbon (DIC) is subsequently incorporated into
biological biomass through photosynthesis and shell formation (carbon fixation). Part of the fixed carbon is transported to the
benthic system as detritus, dissolved organic matter, and calcium carbonate, and is eventually buried in deeper sediment layers

(carbon storage).

2 Model overview and characteristics

Existing process-based marine ecosystem models have been developed to represent lower-trophic biogeochemistry and
benthic—pelagic water—sediment coupling in coastal and marine systems (Butenschon et al., 2016; Yakushev et al., 2017).
EMAGIN-B.C. (Sohma et al., 2018) is a coupled ecosystem model that integrates climate-change mitigation functions in
coastal shallow waters through a sequence of carbon cycling processes. These processes include air—sea CO: flux, biological
fixation of CO: into organic matter and calcium carbonate through biological production, and burial and sequestration of
carbon in deeper sediment layers.

This model explicitly couples pelagic—benthic interactions, carbonate chemical equilibrium, sediment remineralization
processes, CaCOs formation, and changes in biological production structure within a unified modelling framework.
Therefore, the model enables analysis of how variations in nutrient loading influence carbon uptake, fixation, and storage
functions in three contrasting coastal regions—estuarine, central bay, and tidal-flat environments—not merely as quantitative

changes but as shifts in the relative dominance of the processes governing carbon cycling.

2.1 Model structure
2.1.1 Carbonate chemical equilibrium

The model calculates the production and consumption of DIC and TA associated with biological and chemical processes. At
each time step, the carbonate equilibrium system of DIC-TA—pH—pCO: is solved. The individual carbonate species of DIC
(H2COs, HCOs™, and COs%) are determined using equilibrium relationships. Through this structure, variations in DIC and TA

induced by biological and chemical processes are reflected in air—sea CO: fluxes via changes in pCOx.
2.1.2 Microbial remineralization processes

Organic matter remineralization is divided into three pathways: aerobic, suboxic, and anaerobic. The model calculates the
production and consumption of DO, NH+—N, NOs—N, POs—P, DIC, and TA associated with remineralization, nitrification,

and oxidation of oxygen demand units (reduced compounds such as Mn?', Fe?", and sulphide). These processes are explicitly
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coupled with the carbonate chemical equilibrium system within the integrated framework shown in Fig. 2, thereby

influencing air—sea CO: fluxes.
2.1.3 Physiological-ecological and food-web structure

The nutrient—phytoplankton—zooplankton—detritus (NPZD) framework is extended to include the benthic system. The food
web linking phytoplankton, benthic algae, zooplankton, benthic fauna, and detritus is explicitly represented. Carbon
transport from primary production to higher trophic levels through grazing enables evaluation of the carbon fixation function.

CaCOs formation by suspension feeders is also explicitly incorporated.
2.1.4 Three-pool organic matter structure

Organic matter is represented as three fractions: labile, semi-labile, and refractory pools. The remineralization rate decreases
progressively among these fractions. This structure allows the model to distinguish between short-term remineralization
fluxes and long-term burial fluxes. Refractory organic matter is transferred to permanent sediment layers, thereby

strengthening the carbon storage function, whereas labile organic matter is remineralized and returned to the pelagic system.
2.1.5 Coupled cycles of carbon, nitrogen, phosphorus, and oxygen

The carbon cycle is governed by nutrient concentrations and dissolved oxygen (DO) conditions. Nutrients control
photosynthetic production, whereas hypoxic conditions alter mortality and metabolic activity of benthic organisms. By
simultaneously solving the coupled carbon, nitrogen, phosphorus, and oxygen (C—N—P-O) cycles, the model dynamically

links carbonate chemistry, remineralization processes, and food-web dynamics within a unified biogeochemical framework.
2.1.6 Pelagic—benthic coupling

Pelagic and benthic systems are explicitly coupled through sedimentation, resuspension, and material exchange, thereby

linking carbon uptake, fixation, and storage processes within a consistent framework.
2.1.7 Coupling with physical transport

Advection and diffusion across offshore boundaries are explicitly considered in calculating carbon inflow and outflow,

thereby linking physical transport processes to regional variability in model responses.
2.2 Model improvements (ver. 2)

In this study, the original EMAGIN-B.C. model of Sohma et al. (2018) is extended with the following improvements.
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(a) Physiological and metabolic responses dependent on pH are introduced to incorporate the effects of ocean acidification
(Omachi and Sohma, 2022, 2023).

(b) The remineralization rate formulation is extended based on microbial ATP production efficiency dependent on oxygen
conditions (Ishizuka and Sohma, 2025).

This modification enables the model to dynamically adjust remineralization rates according to oxygen conditions, resulting

in reduced decomposition under hypoxic conditions and enhanced differentiation of remineralization processes across redox

environments compared with those of ver. 1.

The improved version used in this study is referred to as EMAGIN-B.C. ver. 2. Figs 2(a) and (b) show the detailed

biological and chemical process structures of the pelagic and benthic systems, respectively. Table 1 lists the corresponding

state variables of the model. Fig. 3 conceptually illustrates the coupled structure of the DIC and TA production—consumption

processes, physical transport, carbonate equilibrium, and the state-variable updating algorithm at each time step.
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Figure 2. Ecosystem structure of the EMAGIN-B.C. coupled ecosystem model: (a) pelagic system; (b) benthic system. Boxes
represent model state variables, and arrows indicate biological and chemical processes including material fluxes linking biological

production, microbial remineralization, and carbonate chemistry.
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Figure 3. Conceptual diagram of the coupled structure among DIC and TA production—consumption processes, physical transport,
carbonate chemical equilibrium, and the state-variable updating algorithm at each time step. DIC, dissolved inorganic carbon; TA,
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Table 1. Model state variables in EMAGIN-B.C.

EGUsphere\

System State variable Unit Symbol in diagram

Pelagic system Phytoplankton mgC L™! Phytoplankton

Pelagic system Zooplankton mgC L™ Zooplankton

Pelagic system Fast labile detritus mgC L™ Fast labile detritus

Pelagic system Slow labile detritus mgC L™ Slow labile detritus

Pelagic system Refractory detritus mgC L™! Refractory detritus

Pelagic system Labile dissolved mgC L™ Labile DOM
organic matter

Pelagic system Refractory dissolved mgC L™ Refractory DOM
organic matter

Pelagic system Ammonium nitrogen mgN L! NH.

Pelagic system Nitrate nitrogen mgN L! NO:s

Pelagic system Phosphate phosphorus ~ mgP L™ PO.

Pelagic system Reduced substances mg L! ODU

Pelagic system Dissolved oxygen mgO: L! 0:

Pelagic system Dissolved inorganic mgC L™ DIC
carbon

Pelagic system Calcium mgCa L™ Ca

Pelagic system Calcium carbonate mgC L™ CaCO:s

Pelagic system Total alkalinity meq L™ TALK

Pelagic system Partial pressure of CO2  patm pCO:2

Pelagic system pH - pH

Benthic system
Benthic system
Benthic system

Benthic system

Benthic system

Benthic system

Suspension feeders
Deposit feeders
Benthic algae

Fast labile detritus

Slow labile detritus

Refractory detritus

pgC cm2 sediment
pgC cm2 sediment
pgC cm2 sediment
pgC cm™ sediment
solid

pgC cm™ sediment
solid

pugC cm™ sediment

solid

Suspension feeders
Deposit feeders
Benthic algae

Fast labile detritus

Slow labile detritus

Refractory detritus
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Benthic system Labile dissolved mgC L™! Labile DOM
organic matter

Benthic system Refractory dissolved mgC L™ Refractory DOM
organic matter

Benthic system Ammonium nitrogen mgN L™ NH.

Benthic system Nitrate nitrogen mgN L™ NO:s

Benthic system Phosphate phosphorus ~ mgP L™ PO.

Benthic system Reduced substances mg L™ ODU

Benthic system Dissolved oxygen mg O2L! 0Oz

Benthic system Calcium carbonate ugC cm2 sediment CaCO:s

Note: Pelagic variables are expressed per unit water volume (mg L' or mgC L™"). Benthic biomass is expressed per unit
sediment surface area (ugC cm?), whereas sediment detritus is expressed per unit sediment solid volume (ugC cm™).
Functional groups such as bivalves (suspension feeders) and polychaetes (deposit feeders) represent the dominant benthic

taxa in Tokyo Bay.

3 Model application and simulation setup

In this study, Tokyo Bay was selected as the target coastal system, because it represents a semi-enclosed inner bay
characterised by strong spatial heterogeneity in both physical and biogeochemical environments. The EMAGIN-B.C. ver. 2
model was applied to this system. Tokyo Bay exhibits large gradients in water depth, nutrient loading, and water exchange
characteristics from the river mouth to the central bay and tidal-flat regions. These features make the bay a representative
system for examining how variations in external loading influence carbon cycling processes in heterogeneous coastal
environments.

Fig. 4 shows the computational domain and grid configuration. The horizontal domain is divided into 26 boxes, forming a
box-model framework that reflects the bathymetry and geomorphological characteristics of the bay. In the vertical direction,
the pelagic system is discretised at 2-m intervals. In the benthic system, the upper 10 cm of sediment is divided into 30 layers.
The sediment layer thickness is set to be finer near the sediment surface and gradually increases with depth, ranging from 0.1
mm to 1.2 cm. This configuration allows the model to resolve steep oxygen gradients and the associated aerobic, suboxic,
and anaerobic mineralization processes occurring within the surface sediment with high resolution.

The model includes 33 state variables representing pelagic and benthic components (Table 1). External forcing conditions
include freshwater inflow, nutrient loading, solar radiation, wind stress, and open boundary conditions at the mouth of the
bay. These forcings are prescribed as annual periodic functions based on observational data from 1998—-2002. This period
represents a pre-intensive nutrient management phase characterised by typical seasonal variability and recurrent hypoxic
conditions and is therefore suitable as a baseline for evaluating system responses to changes in nutrient loading.

10
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185 Long-term simulations are conducted under these periodic forcings until the system reaches a periodic steady state in which
state variables reproduce a stable annual cycle. This periodic steady state is not intended to reproduce a specific year but to
represent a dynamically equilibrated seasonal cycle under the given forcing conditions.

This state is interpreted as representing the typical seasonal ecosystem conditions of Tokyo Bay around the year 2000.
Subsequent analyses compare this baseline state with various nutrient loading scenarios described in the following sections.
190 Detailed model settings for the control case follow those described in Sohma et al. (2018). The response of carbon cycling to

variations in external loading was examined using this model configuration.
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Figure 4. Computational domain and grid configuration of the EMAGIN-B.C. model for Tokyo Bay. The bay is represented by 26
195 horizontal boxes reflecting the bathymetry of the bay. The pelagic system is vertically discretised at 2-m intervals, while the upper

10 cm of sediment in the benthic system is divided into 30 layers with finer resolution near the sediment surface.
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4 Model validation

Model performance was evaluated through comparison of simulated results with observational data for state variables
including phytoplankton biomass (PP), particulate organic carbon (POC), DO, nitrate nitrogen (NOs), ammonium nitrogen
(NH.), phosphate phosphorus (PO4), dissolved organic carbon (DOC), and total organic carbon (TOC).

As shown in Table 2, DO and major inorganic nutrients (NOs and PO4) exhibit moderate-to-high correlations (R = 0.6-0.8).
Bottom-layer DO exhibits a high correlation (R = 0.82), indicating good model performance. It also reflects the integrated
outcome of organic matter decomposition and mineralization processes. Therefore, its high reproducibility suggests that the
model appropriately represents the dynamical coupling among key processes such as primary production, particle sinking,
organic matter decomposition, and vertical mixing.

In contrast, the correlations for PP and POC in the bottom layer are relatively low, indicating limitations in reproducing
localised biological processes and short-term resuspension events. This study does not aim to reproduce short-term
variability but to evaluate the relative dominance of governing processes under varying external loading conditions. In this
context, the satisfactory reproduction of process-integrated indicators such as DO and inorganic nutrients supports the
validity of the mechanistic analyses conducted in this study. The model represents interactions among multiple state
variables in an integrated manner, with a reasonable level of reproducibility confirmed for several key variables.

Although the model tends to underestimate bottom-layer PP and POC, these discrepancies are primarily attributed to
limitations in observational data and localised benthic—pelagic interactions. Therefore, the dominant relationships among
processes are largely preserved across regions, and these discrepancies do not substantially affect the interpretation of spatial
differentiation in carbon-control structures, including relative changes in benthic carbon storage, as shown in Figs. 5(A) and
(B).

At the representative grid cells shown in Figs. 5(A) and (B), the model generally reproduces seasonal patterns in both
surface and bottom layers. In particular, the model successfully captures the development of bottom hypoxia during summer
and its recovery during winter.

Overall, the model reproduces the seasonal-scale structure of carbon cycling and nutrient dynamics in Tokyo Bay and is

therefore suitable for analysing mechanistic responses to variations in external loading.

12
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Figure 5. Comparison between simulated and observed seasonal variations of state variables at representative grid cells in Tokyo
225 Bay: (A) estuarine region (i, j) = (3, 5) and (B) central bay (i, j) = (6, 5). The blue line indicates model results, and box plots
represent monthly observational data. Boxes show the first and third quartiles, and whiskers indicate the minimum and maximum
values. Surface and bottom denote the upper and lower layers of the water column, respectively. PP, phytoplankton biomass; POC,
particulate organic carbon; DOC, dissolved organic carbon; DO, dissolved oxygen; NOs, nitrate nitrogen; NHs, ammonium

nitrogen; PO, phosphate phosphorus.
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Table 2. Statistical comparison between model results and observations for the EMAGIN-B.C. model. Evaluation metrics include

correlation coefficient (R), root mean square error (RMSE), mean observed value, p-value, and number of observations (N).

Variable  Layer R RMSE Mean observation p-value N
DO Surface 0.43 2.19 8.85 <0.01 232
Bottom 0.82 1.68 5.43 <0.01 232
NOs Surface 0.71 0.21 0.41 <0.01 232
Bottom 0.61 0.13 0.27 <0.01 232
NH. Surface 0.59 0.25 0.34 <0.01 232
Bottom 0.39 0.15 0.20 <0.01 232
PO, Surface 0.64 0.03 0.05 <0.01 232
Bottom 0.46 0.03 0.05 <0.01 232
PP Surface 0.41 0.94 0.76 <0.01 232
Bottom 0.14 0.18 0.17 0.16 100
POC Surface 0.31 0.27 0.30 <0.01 100
Bottom 0.24 0.24 0.18 0.04 76
DOC Surface 0.41 1.03 2.13 <0.01 100
Bottom 0.47 0.35 1.43 <0.01 70
TOC Surface 0.80 0.83 2.99 <0.01 100
Bottom 0.55 0.49 1.85 <0.01 78

Note: R: correlation coefficient between model results and observations; RMSE: root mean square error; mean observation: average of
observed values; N: number of observations. DO: dissolved oxygen (mg L™"); NOs: nitrate nitrogen (mgN L™'); NHs: ammonium nitrogen
(mgN L™); POa: phosphate phosphorus (mgP L™); PP: phytoplankton biomass (mgC L™); POC: particulate organic carbon (mgC L™);
DOC: dissolved organic carbon (mgC L™); TOC: total organic carbon (mgC L™). Surface and bottom indicate the upper and lower layers

of the water column, respectively.

5 Scenario design and evaluation framework for ecosystem carbon functions

In this study, we examine how variations in riverine loads of dissolved inorganic nitrogen (DIN) and dissolved inorganic
phosphorus (DIP) influence three climate-mitigation functions of the coastal ecosystem in Tokyo Bay—carbon uptake,
carbon fixation, and carbon storage. This section describes the loading scenarios, evaluation indicators, and analysis regions

used in the sensitivity analyses.
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5.1 Riverine loading scenarios

Riverine inputs of DIN and DIP to Tokyo Bay are the primary control variables in the sensitivity analysis. DIN is defined as
the sum of NH4* and NOs™, while DIP is represented by PO4*".

Relative to the baseline control case, four loading scenarios were defined by simultaneously changing DIN and DIP loads to
0.5, 2.0, 3.0, and 5.0 times the control level. These multipliers represent a wide range of plausible variations in nutrient
loading, encompassing both reduced conditions and potential increases under intensified anthropogenic influences. This
design allows evaluation of the system response to changes in total nutrient load while maintaining a constant N:P ratio in
the inflowing river water.

DIN and DIP loads were introduced into the surface layer (Layer 1) of fourteen computational boxes ((1)—14)) shown in Fig.
6. In contrast, freshwater inflow, meteorological conditions, and open-boundary conditions were kept identical across all
scenarios and were prescribed using periodic forcing functions derived from observational data for 1998—-2002, as described
in Sect. 3. Thus, DIN and DIP loading is treated as the only independent variables in the sensitivity experiments.

Each scenario simulation was performed for sufficiently long periods under periodic forcing until all state variables reached
a stable annual cycle. The resulting periodic equilibrium state for each loading scenario was used for analysis. Structural
responses to loading changes are evaluated by comparing these equilibrium states with the control case to identify changes in

the dominant processes governing carbon cycling.

\ =] 3 [a4]5]ef7] 8 |
Central bay region

®
“10 layers
@

Estuarine region

4 layers

Estuarine | { CentTl bay
6 region _F regio

s ©@ @
T IE) Tidal-flat] __ .
; O region | Tidal-flat region

1 layer

KTl ®

Source: Geospatial Information Authority of Japan, Geospatial Information Authority Map Vector (partially modified)

Figure 6. Spatial distribution of riverine nutrient loading points ((1)-@) in the EMAGIN-B.C. computational domain and the
three representative regions analysed in this study: estuarine region ((i, j) = (3, 5)), central bay region ((i, j) = (6, 5)), and tidal-flat

region ((i, j) = (8, 6)). Numbers (@) indicate grid cells where riverine nutrient loads are introduced into the surface layer of
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the model. These regions represent contrasting ecological environments within Tokyo Bay, characterised by differences in nutrient
loading, water depth, and benthic—pelagic coupling. Schematic diagrams illustrate the vertical structures used in the model for

each region.
5.2 Evaluation indicators

Based on the conceptual framework described in Sects. 1 and 2, three ecosystem carbon-cycle functions are defined and

quantified using the following operational definitions.
5.2.1 Carbon uptake function: air—sea CO: flux

The carbon uptake function is defined based on the air—sea CO: exchange flux in the surface layer of the pelagic system:

Feo, = k(pCOZ.air - pCOZ,ocean) (D

where k is the gas transfer coefficient, calculated based on wind speed following the parameterization of Wanninkhof (2014),
and pCO0; gceanis the partial pressure of CO: in seawater calculated within the model from the carbonate equilibrium system
(DIC-TA—pH-—pCO:>) (see Fig. 2). In this study, flux from the atmosphere to the ocean is defined as positive.

This flux reflects the integrated effects of multiple processes, including biological production, remineralization, carbonate
formation, and physical mixing and therefore serves as an integrated indicator of the ecosystem metabolic state. Owing to its
strong short-term variability, both the time series of 10-day moving averages and annual mean values are evaluated to assess

temporal variations and long-term changes in carbon uptake.
5.2.2 Carbon fixation function: biological capture of DIC

The carbon fixation function is defined as the net biological consumption of DIC, including photosynthesis by phytoplankton
and benthic algae as well as CaCOs formation associated with suspension feeders.

The temporal change in DIC is governed by the combined effects of the following biological and chemical processes:

* DIC consumption by photosynthesis;

* DIC production by respiration and remineralization;

* DIC consumption by CaCOs formation;

* DIC production by CaCOs dissolution.

The DIC budget integrated over the entire pelagic water column is calculated using annual mean values and 10-day moving
averages. Net DIC consumption represents the carbon capture capacity of biological production and carbonate formation

processes and therefore serves as the operational indicator of the carbon fixation function.
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5.2.3 Carbon storage function: burial flux of organic matter and CaCO:s

The carbon storage function is defined based on the burial flux of organic matter and CaCOs that becomes permanently
sequestered in deeper sediment layers.

The burial of sedimentary organic matter is regulated by competition with remineralization processes, the rates of which
depend strongly on sediment oxygen conditions (aerobic, suboxic, and anoxic environments). Burial is also influenced by
benthic faunal feeding, population density, and mortality associated with hypoxia. Therefore, the storage function emerges as
the result of dynamical interactions among biological and biogeochemical processes, rather than simply reflecting the
sedimentation flux.

Both annual mean values and 10-day moving averages were evaluated to assess temporal variability and long-term changes

in the carbon storage function.
5.3 Analytical framework for relative responses of carbon-cycle functions

In addition to evaluating absolute changes in each function, this study focuses on differences in response magnitude and
seasonal phase shifts among the three functions under varying nutrient loading conditions. Although carbon uptake, fixation,
and storage are mutually coupled processes, each function is governed by different dominant mechanisms and, therefore,
does not necessarily respond in the same manner to nutrient loading.

Accordingly, annual mean values and seasonal variability patterns are compared among scenarios to identify which function
exhibits the strongest response to loading changes. This approach enables mechanistic interpretation of shifts in the dominant

processes governing carbon cycling.
5.4 Analysis regions: estuarine region, central bay region, and tidal-flat region

Because ecosystem responses to nutrient loading depend strongly on regional environmental characteristics, analyses are

conducted for three representative regions with contrasting ecological properties, as shown in Fig. 6:

»  Estuarine region ((i, j) = (3, 5)): strongly influenced by major river inputs, characterised by high nutrient concentrations
and high suspended matter, where primary production responses are pronounced (mean depth: 7.6 m).

*  Central bay region ((i, j) = (6, 5)): representative of the broader Tokyo Bay environment and important for evaluating
basin-scale material budgets (mean depth: 19.8 m).

»  Tidal-flat region ((i, j) = (8, 6)): shallow and well-illuminated environments, where benthic algae and benthic fauna
contribute strongly and benthic—pelagic coupling is particularly strong (mean depth: 1.6 m).

The EMAGIN-B.C. model enables comparative evaluation of carbon uptake, fixation, and storage functions across these

regions within a unified modelling framework.
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6 Mechanistic hypotheses for carbon uptake, fixation, and storage (theoretical framework)

Based on the scenario analysis, the carbon-cycle structure inherent in EMAGIN-B.C. ver. 2 is interpreted as a dual-loop
system consisting of organic and carbonate pathways. Within this framework, the major mechanisms emerging in response
to nutrient loading are systematically organised.

EMAGIN-B.C. ver. 2 has a structure that represents (i) the organic-matter supply flux mediated by photosynthesis, food-web
transfer, and sedimentation, (ii) the calcium carbonate formation flux governed by shell production, (iii) the remineralization
flux based on microbial mineralization, and (iv) the calcium carbonate dissolution flux that proceeds under low-pH
conditions. These four fluxes are dynamically redistributed through mutual coupling via the carbonate equilibrium system
(DIC-TA-pH-pCO>).

Accordingly, carbon uptake, carbon fixation, and carbon storage are interpreted as dynamic imbalances between supply-side
fluxes (organic-matter supply and CaCOs formation) and loss-side fluxes (remineralization and CaCOs dissolution).
Importantly, the dominant roles of these fluxes vary depending on the temporal scale. Carbon uptake emerges as a short-term
response (from several days to seasonal scales) through the immediate redistribution of the carbonate equilibrium system.
Carbon fixation responds on seasonal to annual scales through changes in biomass carbon and solid-phase inorganic carbon.
Carbon storage, in contrast, emerges as a long-term response over annual to decadal timescales, because it is determined by
the competition among sedimentation, remineralization, dissolution, and burial processes.

Based on this hierarchical temporal structure, this section organises the dominant mechanisms operating at short-term (Sect.
6.1), medium-term (Sect. 6.2), and long-term (Sect. 6.3) timescales and provides a mechanistic basis for interpreting the

scenario-analysis results presented in Sect. 7.
6.1 Mechanistic hypotheses for carbon uptake and release

Carbon uptake (air—sea CO: flux) is the most rapidly responding carbon-mitigation function among the three functions.
This response emerges on timescales ranging from several days to seasonal scales through the redistribution of the carbonate
equilibrium system (DIC-TA—-pH—pCQOx).

In EMAGIN-B.C. ver. 2, short-term responses are primarily controlled by (a) immediate changes in photosynthetic
production and remineralization fluxes within the organic carbon pathway and (b) changes in TA associated with CaCOs
formation and dissolution within the carbonate pathway. These fluxes are coupled through the carbonate equilibrium system
and can rapidly shift the air—sea CO: flux toward either uptake or release.

Accordingly, the principal pathways that emerge in response to nutrient enrichment are classified into uptake mechanisms

(A1-A3) and release mechanisms (R1-R3) (Fig. 7).
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Figure 7. Conceptual diagram of three carbon uptake mechanisms (A1-A3) and three carbon release mechanisms (R1-R3) that
emerge in EMAGIN-B.C. ver. 2 under increasing nutrient loading. Each panel illustrates a causal pathway linking (i)

355 environmental forcing (nutrient enrichment), (ii) biological and biogeochemical processes (e.g., photosynthesis, organic-matter
sedimentation, hypoxia development, shell formation and dissolution, and changes in grazing pressure), and (iii) responses of the
carbonate system (DIC, TA, pH, and pCO:). These interacting processes ultimately drive shifts in the air—sea CO: flux toward
either atmospheric CO: uptake (A1-A3) or release (R1-R3). Arrows indicate causal relationships originating from nutrient
enrichment shown on the left side of each panel. Blue frames represent pelagic processes, whereas orange frames represent benthic

360 processes. Color-coded boxes indicate environmental forcing (red), biological and biogeochemical processes (green), and
carbonate-system responses (blue). Upward (1) and downward (|) arrows denote increases and decreases in the corresponding

variables or fluxes, respectively.

6.1.1 Uptake mechanisms (A-mechanisms)

365 (1) Al: Pelagic photosynthetic DIC drawdown
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An increase in nutrient concentration enhances phytoplankton photosynthesis and increases the organic-matter supply flux.
As a result, DIC decreases, pH increases, and pCO: declines. This shift drives the air—sea CO: flux toward the uptake
direction. This mechanism constitutes a short-term uptake pathway driven by an increase in the supply flux within the
organic carbon pathway and is completed entirely within the pelagic system.

Short-term implication: During production-dominated periods, the net CO: flux shifts toward atmospheric uptake.

(2) A2: Benthic remineralization-induced CaCOs dissolution

Enhanced primary production resulting from nutrient enrichment increases the supply flux of settling organic matter to the
sediments. When remineralization intensifies within the sediments, pH decreases in bottom and pore waters, promoting
CaCO:s dissolution. In the model, CaCO:s dissolution is parameterised as a function of the calcite saturation state (2),
following Sohma et al. (2018), while recognising that in shallow coastal environments, dissolution processes are also
influenced by biological activity and sediment microenvironments.

CaCO:s dissolution increases TA, thereby redistributing the carbonate equilibrium system and lowering pCO2. When this
low-pCO- water mass is transported to the surface through vertical mixing, the air—sea CO: flux shifts toward atmospheric
uptake. This mechanism constitutes an indirect uptake pathway, in which increased remineralization within the organic
carbon pathway induces dissolution fluxes within the carbonate pathway through dual-loop coupling.

Short-term implication: When benthic remineralization is dominant and vertical mixing occurs, CO: uptake is secondarily

enhanced.

(3) A3: Hypoxia-induced predator release

Excess nutrient supply increases the flux of settling organic matter and enhances remineralization, thereby promoting
hypoxia in the bottom waters. Mild-to-moderate hypoxia reduces the biomass of benthic organisms and weakens the grazing
pressure on phytoplankton. The reduction in grazing pressure increases PP and amplifies the organic matter supply flux
through enhanced photosynthesis, thereby increasing CO- uptake. This mechanism constitutes a short-term uptake pathway
driven by the food-web structure within the organic carbon pathway. However, if hypoxia intensifies further, ecosystem
collapse may occur, and the system may shift to the supply-reduction pathway described in D1.

Short-term implication: Mild-to-moderate hypoxia can enhance CO: uptake in the short term, whereas severe hypoxia may

eventually weaken uptake.

6.1.2 Release mechanisms (R-mechanisms)

(1) R1: Loss of benthic calcifiers (decline in shell formation)
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When hypoxia progresses, the biomass of calcifying organisms decreases, and CaCOs formation flux declines. A reduction
in CaCOs formation decreases TA, which raises pCO: through the carbonate equilibrium system. As a result, the air—sea CO2
flux shifts toward atmospheric release. This mechanism constitutes a short-term release pathway driven by a reduction in
formation flux within the carbonate pathway.

Notably, although both R1 and A3 originate from hypoxia, they represent branching responses: A3 amplifies organic-carbon
supply, whereas R1 promotes CO- release through carbonate-system effects.

Short-term implication: If calcifying organisms decline substantially, the CO: flux shifis toward net release.

(2) R2: Seasonal grazing surge (suppression of photosynthesis by suspension feeders)

Nutrient enrichment increases phytoplankton and zooplankton abundance, which improves the food environment for
suspension feeders and increases their biomass. Stronger grazing pressure suppresses phytoplankton photosynthesis and
reduces the organic-matter supply flux. As a result, DIC increases, pH decreases, and pCO: rises through the carbonate
equilibrium system, shifting the air—sea CO- flux toward atmospheric release. This mechanism constitutes a short-term
release pathway driven by suppression of the supply flux within the organic carbon pathway and corresponds to a response
symmetric to the supply-amplification pathway described in Al.

Short-term implication: During seasons when grazing pressure dominates, peaks in CO: release emerge.

(3) R3: Post-bloom DIC accumulation

Nutrient enrichment can trigger phytoplankton blooms, which subsequently collapse when nutrients become depleted. After
bloom collapse, the organic-matter supply flux declines while remineralization becomes dominant. As a result, DIC
increases again and pCO: rises through the carbonate equilibrium system. This mechanism constitutes a decomposition-
dominated release pathway within the organic carbon pathway and generates a phase-lagged response between production-
dominated and remineralization-dominated periods.

Short-term implication: Following production-dominated periods, delayed peaks in CO: release emerge.

6.2 Mechanistic hypotheses for carbon fixation

Carbon fixation represents the intermediate-timescale response of the coastal carbon cycle and emerges on seasonal to
annual timescales through changes in biomass carbon and particulate inorganic carbon.

In EMAGIN-B.C. ver. 2, carbon fixation is governed by the balance between photosynthetic production (F) and respiratory
decomposition (U) within the organic carbon pathway. In addition, CaCOs formation within the carbonate pathway
contributes to the conversion of DIC into particulate inorganic carbon. Accordingly, the fixation function is governed by the

dynamic balance between biological production and decomposition processes.
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Under nutrient enrichment, multiple fixation pathways emerge depending on the relative strength of production and
decomposition processes. In this study, the dominant mechanisms are classified into fixation-enhancement pathways (F1—

430 F3) and fixation-reduction pathways (U1-U2) (Fig. 8).

Fixaticn-enhancing mechanisms (F1-F3) Fixation-reducing mechanisms (U1-U2)

Fixation-enhancing mechanisms (F1) Fixation-reducing mechanisms (U1)
""""""" 0l DIC 1
Nutrient Nutrient Polagic
enrichment enrichment 0

Photosynthesis 1 e —F----—--- J Photosynthesis 1
(Carbon fixationt)

Remineralization T [ g
(Carbon fixation |) |

Excretion .
“Mortality 7 IEREETSN)

DOM 1

Zooplankton T

Respiration f

Suspension feeders T
(Carbon fixation |)

Zooplankton T
Pelagic Suspension feeders T

Organic carben Deposit feeders T s===71

Detritus
=> 1

DOM 1

Deposit feeders |

Organic carben Excretion - Mortality T

Fixation-reducing mechanisms (U2)

__________ Photosynthesis
Nutrient Nutrient Phytoplankton t .
enrichment Ml pe— ., enrichment Grazing |

Photosynthesis T Grazing T Mortality DICy Detritus T
Remineralization DOM 1
(Carbon fixation 1)
Zooplankton

- Remineralization 1
Detritus 1 Hypoxia [N s
Suspension feeders | Detritus T Hypoxia » DIGLY Shell formation | 1

; DOM pe— Simi== = i o
Deposit feed: 1 1 Remineralization T Reless Mortality T Carbon fixation |) :

Pelagic

Excretion - Mortality T
Organic carbon Benthic

Fixation-enhancing mechanisms (F3)

Photosynthesis 1 Food resources of Suspension feeders ¢
Nutrient Pryioplankion | JEX —copnicon 1]
plankton 1 Zooplankton
enrichment Grazing 1 ;

Mortality T Excre

Suspension feeders | | g, _____~ I

Benthic

Detritus 1

jproduction T' Shell formation 1 7f
Carbon fixation 1)
. Pelagic
Suspension feeders 1 ;
~Benthic

Figure 8. Conceptual diagram of the mechanisms that enhance carbon fixation (F1-F3) and those that reduce carbon fixation (U1-
U2) that emerge in EMAGIN-B.C. ver. 2 under increasing nutrient loading. Each panel illustrates a causal pathway linking (i)
environmental forcing (nutrient enrichment), (ii) biological and biogeochemical processes (e.g., photosynthesis, organic-matter
435 production and sedimentation, hypoxia development, and trophic interactions), and (iii) responses of the carbonate system (e.g.,
DIC). The left column shows pathways that strengthen carbon fixation, whereas the right column shows pathways that weaken
carbon fixation. Arrows indicate causal relationships among ecological and biogeochemical processes. Blue areas represent pelagic
processes, whereas orange areas represent benthic processes. Color-coded elements indicate environmental forcing (red) and
biological or biogeochemical processes (green). Upward (1) and downward (]) arrows denote increases and decreases in the

440  corresponding variables or fluxes, respectively. DIC, dissolved inorganic carbon; DOM, dissolved organic matter.
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6.2.1 Fixation-enhancement mechanisms (F-mechanisms)

(1) F1: Nutrient-stimulated pelagic primary production

An increase in nutrient supply enhances phytoplankton growth and increases the rate of photosynthetic carbon fixation. This
process directly converts DIC into organic carbon biomass and strengthens the supply flux within the organic carbon
pathway. As phytoplankton biomass increases, the production of particulate organic carbon also increases, which
subsequently enhances the flux of organic matter toward higher trophic levels and sedimentation.

Intermediate-timescale implication: Under moderate nutrient enrichment, pelagic primary production increases and carbon

fixation is enhanced.

(2) F2: Food-web amplification of organic carbon production

Enhanced phytoplankton production improves the food environment for zooplankton and higher trophic organisms, resulting
in increased biomass throughout the food web. Through trophic transfer processes, organic carbon produced by
phytoplankton is redistributed among functional groups and ultimately contributes to increased biomass carbon within the
ecosystem. This mechanism constitutes a fixation pathway driven by food-web amplification within the organic carbon loop.
Intermediate-timescale implication: When trophic transfer efficiency is high, ecosystem biomass increases, and the overall

fixation capacity of the ecosystem is strengthened.

(3) F3: CaCO: formation and particulate inorganic carbon production

In ecosystems where calcifying organisms are abundant, CaCOs formation converts DIC into particulate inorganic carbon.
Although CaCOs formation releases CO: locally through carbonate equilibrium reactions, it simultaneously produces
particulate inorganic carbon that can be transported and potentially stored in sediments. Thus, CaCOs formation constitutes
an alternative pathway of carbon fixation within the carbonate loop.

Intermediate-timescale implication: In systems dominated by calcifying organisms, carbonate production contributes to the

fixation of inorganic carbon into particulate phases.

6.2.2 Fixation-reduction mechanisms (U-mechanisms)

(1) Ul: Enhanced remineralization under high organic-matter supply

When nutrient enrichment strongly enhances primary production, the supply of organic matter to the water column and
sediments increases substantially. Microbial remineralization processes then intensify in response to the increased organic
substrate. Through these processes, organic carbon is rapidly decomposed and returned to the DIC pool, thereby reducing net

carbon fixation within the ecosystem.
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Intermediate-timescale implication: When remineralization rates increase faster than production rates, net fixation

efficiency declines.

475 (2) U2: Hypoxia-induced suppression of biological production
Under excessive nutrient loading, enhanced organic-matter decomposition can lead to severe hypoxia in bottom waters.
Persistent hypoxia negatively affects benthic organisms and may also influence pelagic biological production through
ecosystem instability. When ecosystem structure becomes degraded under severe hypoxia, biological production processes
weaken and the fixation capacity of the ecosystem declines.

480 Intermediate-timescale implication: In highly eutrophic conditions with persistent hypoxia, carbon fixation decreases

despite high nutrient availability.

6.3 Mechanistic hypotheses for carbon storage

485 Carbon storage represents the long-term response of the coastal carbon cycle and primarily emerges on annual to decadal
timescales through the balance among sedimentation, remineralization, dissolution, and burial processes.
In EMAGIN-B.C. ver. 2, carbon storage is determined by the dynamic balance between sedimentary supply fluxes (S) and
decomposition or loss fluxes (D). The supply flux consists mainly of the sedimentation of organic matter produced in the
pelagic system and the downward transport of particulate inorganic carbon generated through CaCOs formation. In contrast,

490 the loss flux includes microbial remineralization of organic matter and the dissolution of CaCOs under low-pH conditions.
Accordingly, long-term carbon storage is interpreted as the residual component of the sedimentary carbon budget,
determined by the relative magnitude of supply and decomposition processes. Depending on the ecosystem state and nutrient
loading conditions, different storage pathways emerge. In this study, the dominant mechanisms are organised into storage-

enhancement pathways (S1-S3) and storage-reduction pathways (D1-D2) (Fig. 9).
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Figure 9. Conceptual diagram of carbon storage mechanisms that emerge in EMAGIN-B.C. ver. 2 under increasing nutrient

loading. The left panels illustrate mechanisms that enhance carbon storage (S1-S3), whereas the right panels illustrate

mechanisms that reduce carbon storage (D1-D2). Each panel represents a causal pathway linking (i) environmental forcing

(nutrient enrichment), (ii) biological and biogeochemical processes (e.g., primary production, sedimentation of organic matter,

hypoxia development, shell production and dissolution), and (iii) resulting changes in sedimentary carbon storage. Color-coded

elements indicate environmental forcing (red), biological and biogeochemical processes (green), and carbonate or remineralization

processes (blue). Blue areas represent pelagic processes, whereas orange areas represent benthic processes. Upward (1) and

downward (]) arrows denote increases and decreases in the corresponding variables or fluxes, respectively.

6.3.1 Storage-enhancement mechanisms (S-mechanisms)

(1) S1: Enhanced burial of organic carbon through increased sedimentary supply
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When nutrient enrichment stimulates pelagic primary production, the supply of particulate organic matter to the seabed
increases via sedimentation. If the sedimentation flux exceeds the rate of microbial remineralization in sediments, a portion
of the organic carbon escapes decomposition and is buried in the sediment. This mechanism constitutes a long-term storage
pathway driven by enhanced organic-carbon supply from the pelagic system.

Long-term implication: Under moderate nutrient enrichment, organic carbon burial increases through enhanced

sedimentary supply.

(2) S2: Carbon storage through CaCO:s burial

Calcifying organisms produce CaCO:s shells that accumulate in sediments after death. If the rate of shell production exceeds
that of CaCOs dissolution, particulate inorganic carbon becomes stored in the sedimentary system. This mechanism
constitutes a long-term carbon-storage pathway within the carbonate loop.

Long-term implication: In ecosystems with abundant calcifying organisms, carbonate burial contributes substantially to

long-term carbon storage.

(3) S3: Transformation-dominated benthic carbon processing

In some coastal systems, large amounts of organic matter are laterally transported from external sources and processed by
benthic organisms and microbial communities. Through this transformation process, organic carbon is redistributed within
the benthic ecosystem and partially incorporated into sedimentary pools. In such systems, carbon storage occurs not only
through direct pelagic production but also through the transformation and redistribution of externally supplied organic matter.
Long-term implication: In transformation-dominated systems such as tidal flats, externally supplied organic carbon

contributes significantly to sedimentary carbon storage.

6.3.2 Storage-reduction mechanisms (D-mechanisms)

(1) D1: Enhanced remineralization exceeding sedimentary supply

When the decomposition capacity of sediments increases due to high microbial activity, remineralization exceeds the
sedimentation flux of organic matter. In such cases, most of the supplied organic carbon is rapidly decomposed and returned
to the DIC pool, thereby reducing long-term carbon storage.

Long-term implication: Under conditions of strong microbial remineralization, sedimentary carbon storage remains limited
even when organic-matter supply is high.

(2) D2: Dissolution of CaCOs under low-pH conditions
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In environments where bottom-water pH decreases due to intense remineralization or acidification processes, CaCOs
dissolution intensifies within sediments. This process converts particulate inorganic carbon back into DIC and reduces long-
term storage of carbonate carbon.

Long-term implication: Under conditions of persistent low pH, carbonate storage declines due to enhanced dissolution.

7 Spatial divergence of carbon-control structures
7.1 Overview: spatial realisation of the carbon-control framework

Sect. 6 establishes the carbon-cycle structure in EMAGIN-B.C. ver. 2 as a dual-loop system consisting of carbon uptake
(A/R), carbon fixation (F/U), and carbon storage (S/D), each governed by dynamic imbalances between supply-side and
loss-side fluxes across different temporal scales.

This section presents the spatial realisation of this mechanistic framework. Under a common external forcing of increased
nutrient loading, the dominant processes governing these three functions are examined across three representative coastal
regions: the estuarine region, central bay region, and tidal-flat region.

As shown in Fig. 10, all regions exhibit a common tendency, in which atmospheric CO- uptake and pelagic carbon fixation
increase with increasing nutrient loading. This shared response reflects strengthening of supply-side processes within the
organic carbon pathway, corresponding primarily to uptake mechanism A1l and fixation mechanisms F1-F2.

Process-level decomposition analyses (Figs. 11-19), however, show that these similar bulk responses are governed by
distinct mechanistic structures across regions. The estuarine region exhibits direct amplification of supply-side fluxes within
the organic carbon pathway. The central bay shows co-amplification of production and decomposition processes. The tidal-
flat region exhibits a transformation-dominated structure, in which externally supplied organic carbon is redistributed and
processed within the benthic system.

These differences do not simply represent variations in flux magnitude; rather, they reflect spatial differentiation in the
dominant mechanisms governing carbon uptake, fixation, and storage under nutrient enrichment.

In the following sections, the relationships among A/R, F/U, and S/D are examined for each region to identify the dominant

mechanisms and clarify how carbon-control structures diverge spatially.
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Figure 10. Process-level carbon budgets in the estuarine, central bay, and tidal-flat regions under low (0.5x) and high (5.0x)
nutrient-loading scenarios relative to the control case. Blue boxes represent major carbon pools, including dissolved inorganic
carbon (DIC), organic carbon, and calcium carbonate (CaCQs). Arrows indicate dominant carbon fluxes such as biological
production, respiration and remineralization, sedimentation, and air-sea CO: exchange. The diagrams illustrate how increasing
nutrient loading alters the relative dominance of organic and carbonate carbon pathways, thereby defining the spatial

differentiation of carbon-control structures across the three regions.
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Figure 11. Responses of atmospheric CO: uptake and carbonate-system variables in the estuarine region under different nutrient-
loading scenarios (0.5%, 1.0x [control], 2.0%, and 5.0%). (A) Annual mean values (bars) and seasonal variations represented by 1-
day moving averages (lines) of air—sea CO: flux, carbonate-system variables (pCO:, H.COs, pH, DIC, and TA), nutrients (DIN and
DIP), plankton biomass, and DO. (B) Annual mean values of DIC production and consumption fluxes. (C) Annual mean values of

575 TA production and consumption fluxes. These panels illustrate the mechanisms controlling carbon uptake (A/R), corresponding to
the imbalance between air—sea CQO: uptake and respiratory CO: release and reflecting the uptake and release pathways (A1-A3
and R1-R3) defined in Sect. 6.1. DIC, dissolved inorganic carbon; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic

phosphorus; DO, dissolved oxygen; TA, total alkalinity.
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580 Figure 12. Responses of carbon fixation processes in the estuarine region under different nutrient-loading scenarios (0.5%, control,
2.0x%, and 5.0%). (A) Vertically averaged carbon fixation fluxes represented as annual mean values (bars) and seasonal variations

shown by 1-day moving averages (lines). (B) Annual mean values of the major carbon fixation and respiration processes, including
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phytoplankton photosynthesis and respiration. (C) Seasonal variations of the major carbon fixation and respiration processes.
These panels illustrate the mechanisms controlling carbon fixation (F/U), corresponding to the balance between photosynthetic
production and respiratory decomposition and reflecting the fixation-enhancement and reduction pathways (F1-F3 and U1-U2)

defined in Sect. 6.2. Coloured bars distinguish organic carbon processes and calcium carbonate processes.
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Figure 13. Responses of carbon storage processes in the estuarine region under different nutrient-loading scenarios (0.5%, control,
2.0%, and 5.0%). (A) Annual fluxes of sedimentary organic carbon storage and CaCO:s storage. (B) Process decomposition of
sedimentary carbon supply and decomposition fluxes contributing to carbon storage. (C) Time series of benthic organic matter,
CaCO:s stocks, benthic-faunal biomass, and bottom-layer dissolved oxygen (DO), shown as 1-day moving averages. These panels
illustrate the mechanisms controlling carbon storage (S/D), corresponding to the balance between sedimentary carbon supply and
decomposition processes and reflecting the storage-enhancement and reduction pathways (S1-S3 and D1-D2) defined in Sect. 6.3.

Benthic fauna (benthos) is defined as the sum of suspension feeders and deposit feeders.
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Figure 14. Responses of atmospheric CO: uptake and carbonate-system variables in the central bay region under different
nutrient-loading scenarios (0.5%, 1.0x [control], 2.0%, and 5.0%). (A) Annual mean values (bars) and seasonal variations
represented by 1-day moving averages (lines) of air—sea CO: flux, carbonate-system variables (pCO:, H:COs, pH, DIC, and TA),
nutrients (DIN and DIP), plankton biomass, and DO. (B) Annual mean values of DIC production and consumption fluxes. (C)

600  Annual mean values of TA production and consumption fluxes. These panels illustrate the mechanisms controlling carbon uptake
(A/R), corresponding to the imbalance between air—sea CO: uptake and respiratory CO: release and reflecting the uptake and
release pathways (A1-A3 and R1-R3) defined in Sect. 6.1. DIC, dissolved inorganic carbon; DIN, dissolved inorganic nitrogen;
DIP, dissolved inorganic phosphorus; DO, dissolved oxygen; TA, total alkalinity.
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605  Figure 15. Responses of carbon fixation processes in the central bay region under different nutrient-loading scenarios (0.5x,
control, 2.0%, and 5.0%). (A) Vertically averaged carbon fixation fluxes represented as annual mean values (bars) and seasonal
variations shown by 1-day moving averages (lines). (B) Annual mean values of the major carbon fixation and respiration processes,

including phytoplankton photosynthesis and respiration. (C) Seasonal variations of the major carbon fixation and respiration
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processes. These panels illustrate the mechanisms controlling carbon fixation (F/U), corresponding to the balance between

photosynthetic production and respiratory decomposition and reflecting the fixation-enhancement and reduction pathways (F1-F3
and U1-U2) defined in Sect. 6.2.
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Figure 16. Responses of carbon storage processes in the central bay region under different nutrient-loading scenarios (0.5x,

control, 2.0%, and 5.0%). (A) Annual fluxes of sedimentary organic carbon storage and CaCO:s storage. (B) Process decomposition

of sedimentary carbon supply and decomposition fluxes contributing to carbon storage. (C) Time series of benthic organic matter,

CaCQO:s stocks, benthic-faunal biomass, and bottom-layer dissolved oxygen (DO), shown as 1-day moving averages. These panels

illustrate the mechanisms controlling carbon storage (S/D), corresponding to the balance between sedimentary carbon supply and
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decomposition processes and reflecting the storage-enhancement and reduction pathways (S1-S3 and D1-D2) defined in Sect. 6.3.

Benthic fauna (benthos) is defined as the sum of suspension feeders and deposit feeders.
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(A) Annual mean values (bars) and 1-day moving averages (lines) of air-sea CO2 flux,
carbonate-system variables, nutrients, plankton biomass, and dissolved oxygen

(a) Air-sea CO, flux (Pelagic surface) [mmolC m2 hr'']

71181 91101 111 1201 141 21 3/

T —

4M

1 2
1
0.5
0
0 -14/1 51 6
(b) pCO, (Pelagic surface) [patm]
400 800
300 400 A
200 200 %ﬂ Y
100 o
0 411 501 ¢

(¢) HCO (Pelagic surface) [mmolC|
0.015 0.02

md

111 21

S

141

0.015
0.01 001 =¥l %
0.005 0.005
0 — -
0 411 511 81 71 81 811011111201 111 2/1 311 4/1
(d) pH (Pelagic surface) [-]
8.2 9
s amitdia,
8 8% VR o
7.5 .
7.8 411 511 6M 71 8M 91 1011111 11 21 31 41

(e) DIC (Pelagic surface)} [mmoIC

18%

,1]

il

R
|

a2

1.9
18 4/1 51 61 71 811 Y1 101111121 11 2/1 31 411
() TA (Pelagic surface) [meq L]
2.24 4
\)\M}‘ AWV
2.22 22 WN‘N
2
29 41 51 8f1 7/ 81 91 1011131 1 21 31 41
(9) DO (Pelagic surface) [mmol L
04 08
03 ot A0 A
0.2 0.2 —
0.1 0
0 41 5 81 71 81 91104117124 11 21 31 41

(B)

and consumption of DIC
(Pelagic surface) [mmolC L1 hr]

Annual mean values of the production

Lrelease

0.01 5.0
0.005 0.5 Control a -
: ||
0
I | ] _
|
-0.005
Phytoplankton photosynthesis Phytoplankton respiration

Zooplankton respiration

mm CaCO, dissolution

- Susgensmm feeder shell formation
Benthic algal respiration

— Total production and consumption

620
38

mm Pelagic OM remineralization
Suspension feeder respiration
wm Benthic a\%lal photosynthesis

mm Benthic O

remineralization

(h) DIN (Pelagic surface) [mmolIN L-1]

03
0.2

0.5x
m 2.0%

0.1 mwk

EGUsphere

u Control
m 5.0x

A

01
0.05 II
0
(i) DIP (Pelagic surface) [mmolP L]
0.003 0.008

41 511 6/1 71 8/1 9/]

1011171131 11 211 341 41

0.006
0.002 0004 Q&
0.001 0002*‘& W o
0
0 41 511 €11 71 81 o1 1011111 111 21 31 411

(j) Phytoplankton (Pelagic surface) [mmolC |
0.06

(k) Zooplankton (Pelagic surface) [mmolC L[]
0.06

0.04
0.02 Eé
0 4/1 51 61 71 8/1 91 1011111131 1/1 211 31 41

0.01 .
0.04
0.005 0.02
F \
411 5/1 81 71 81 9{110/111/11

(DO (Pelag|c bottom) [mmol L'1]
0.4 08

=

7 —

/1111 211 311 41

0.3 06
02 “'4%
0.2
0.1 0
0 4/1 6/ 81 7/1 8/

(m) Suspension feeders (Benthic) [mmolC m? sed]

N

800 3000

=l 16!111/112/1 1121 31 41

e

750 2000 ;

700 1000

650

600 4/1 51 811 71 81 91 10T 11 27 31 401

(n) Deposit feeders (Benthic) [mmolC m? sef]

150
100 ____./

140
130
120
110

S

] —
411 5!1 6(1 7/1 81 9f110/111/11

~—

T v
111 241 30 41

(C) Annual mean values of the production

and consumption of TA
(Pelagic surface) [meq L1 hr1]
0.015

5.0

0.01
0.005 0.5 Control i—_.
N
-0.005
-0.01

Phylaplankion uptake (NH,")
Phyloplankton respiration

wm Acrobic remineralization
Nitrification

== GaGO, dissolution
Suspension feeder respiration

= Total production and consumption

ODU oxidation

w= Phytoplankton uptake {(NOy'}
Zooplankton respiration
w= Anaerobic remineralization

= Suspension feeder shell formation
mm Benthic alkalinity production and consumption



https://doi.org/10.5194/egusphere-2026-2710
Preprint. Discussion started: 4 June 2026 EG U h
© Author(s) 2026. CC BY 4.0 License. spnere

Figure 17. Responses of atmospheric CO: uptake and carbonate-system variables in the tidal-flat region under different nutrient-
loading scenarios (0.5%, control, 2.0%, and 5.0%). (A) Annual mean values (bars) and seasonal variations represented by 1-day
moving averages (lines) of air—sea CO: flux, carbonate-system variables (pCO:, H.COs, pH, DIC, and TA), nutrients (DIN and
DIP), plankton biomass, and DO. (B) Annual mean values of DIC production and consumption fluxes. (C) Annual mean values of
625 TA production and consumption fluxes. These panels illustrate the mechanisms controlling carbon uptake (A/R), corresponding to
the imbalance between air—sea CQO: uptake and respiratory CO: release and reflecting the uptake and release pathways (A1-A3
and R1-R3) defined in Sect. 6.1. DIC, dissolved inorganic carbon; DIN, dissolved inorganic nitrogen; DIP, dissolved inorganic

phosphorus; DO, dissolved oxygen; TA, total alkalinity.
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630 Figure 18. Responses of carbon fixation processes in the tidal-flat region under different nutrient-loading scenarios (0.5%, control,
2.0%, and 5.0%). (A) Vertically averaged carbon fixation fluxes represented as annual mean values (bars) and seasonal variations
shown by 1-day moving averages (lines). (B) Annual mean values of the major carbon fixation and respiration processes, including
phytoplankton photosynthesis and respiration. (C) Seasonal variations of the major carbon fixation and respiration processes.

These panels illustrate the mechanisms controlling carbon fixation (F/U), corresponding to the balance between photosynthetic
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production and respiratory decomposition and reflecting the fixation-enhancement and reduction pathways (F1-F3 and U1-U2)

defined in Sect. 6.2.

(iii) Tidal-flat system
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Figure 19. Responses of carbon storage processes in the tidal-flat region under different nutrient-loading scenarios (0.5x, control,
2.0x%, and 5.0%). (A) Annual fluxes of sedimentary organic carbon storage and CaCO:s storage. (B) Process decomposition of
sedimentary carbon supply and decomposition fluxes contributing to carbon storage. (C) Time series of benthic organic matter,
CaCO:s stocks, benthic-faunal biomass, and bottom-layer dissolved oxygen (DO), shown as 1-day moving averages. These panels

illustrate the mechanisms controlling carbon storage (S/D), corresponding to the balance between sedimentary carbon supply and
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decomposition processes and reflecting the storage-enhancement and reduction pathways (S1-S3 and D1-D2) defined in Sect. 6.3.

Benthic fauna (benthos) is defined as the sum of suspension feeders and deposit feeders.

7.2 Estuarine region: pelagic amplification response — monotonic amplification type
7.2.1 Response of carbon uptake (A/R)

As shown in Fig. 11, the air—sea CO: uptake flux in the estuarine region increases monotonically with increasing nutrient
loading. This pattern is explained by the amplification of pelagic photosynthesis, which enhances DIC consumption, reduces
surface-water pCO, and thereby drives atmospheric CO: uptake. This response corresponds primarily to the pelagic
photosynthetic drawdown mechanism (A1) defined in Sect. 6.1.

Although remineralization (U) also increases, its rate of increase does not exceed that of photosynthetic production. As a
result, the net DIC balance remains dominated by consumption processes, and no shift toward release-dominated conditions
is observed. In this sense, the contribution of release pathways (R1-R3) remains limited.

Accordingly, the A/R structure in the estuarine region constitutes a monotonic amplification regime dominated by supply-

side processes within the organic carbon pathway.
7.2.2 Response of carbon fixation (F/U)

As shown in Fig. 12(A), carbon fixation increases with increasing nutrient loading. This increase is explained by the
strengthening of pelagic primary production, corresponding to the nutrient-stimulated production pathway (F1) defined in
Sect. 6.2.

However, it is necessary to distinguish between fixation flux and the resulting accumulation of fixed carbon. While fixation
flux (i.e., production rate) increases, the annual mean biomass of benthic fauna decreases (Fig. 13), and seasonal patterns
indicate that mortality of suspension feeders and deposit feeders increases during the summer hypoxic period, with an
extended duration under higher nutrient-loading conditions. These responses reflect the concurrent intensification of
decomposition and oxygen-limitation-related loss processes, corresponding to remineralization-driven reduction (U1) and
hypoxia-induced suppression (U2).

Despite this co-amplification of production and loss processes, net fixation continues to increase monotonically, and the F—U
difference remains positive across the loading scenarios. This indicates that production processes consistently exceed
decomposition processes.

Accordingly, the F/U relationship in the estuarine region constitutes a non-competitive regime dominated by fixation-

enhancement pathways, in which the increase in F1 is not offset by U1-U2.
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7.2.3 Response of carbon storage (S/D)

As shown in Fig. 13, organic carbon storage increases with increasing nutrient loading, whereas CaCOs storage exhibits a
decreasing tendency. This pattern reflects the enhancement of organic-matter supply and burial processes, corresponding to
the storage-enhancement pathway (S1) defined in Sect. 6.3.

The decrease in CaCO:s storage corresponds to the reduction in benthic-faunal biomass, which limits shell production and
thus reduces the particulate inorganic carbon supply. This response reflects a weakening of the carbonate-associated storage
pathway (S2).

Accordingly, in the estuarine region, carbon storage is increasingly dominated by organic-matter pathways, while carbonate
supply remains limited, and no pronounced amplification of dissolution (D1-D2) is observed.

Therefore, the S/D structure in the estuarine region constitutes an organic-matter-dominated storage regime, in which S1 is

enhanced, while S2 is suppressed and loss processes remain secondary.

7.2.4 Summary of the estuarine response

The estuarine region is summarised as follows:

*  Uptake: a monotonic amplification pattern dominated by pelagic photosynthetic drawdown (A1), with limited
contribution from release pathways (R1-R3);

«  Fixation: a non-competitive structure in which fixation-enhancement pathways (F1-F3) exceed decomposition pathways
(U1-U2), and the F-U difference remains positive;

*  Storage: an organic-matter-dominated structure characterised by the enhancement of organic carbon burial (S1) and
suppression of carbonate-associated storage (S2), with limited contribution from loss pathways (D1-D2).

Accordingly, under increased nutrient loading, the estuarine region is governed by pelagic amplification within the organic

carbon pathway, without transition to an alternative carbon-control structure.
7.3 Central bay region: production—decomposition amplification response — co-amplification type
7.3.1 Response of carbon uptake (A/R)

As shown in Fig. 14, the air—sea CO: uptake flux in the central bay increases with increasing nutrient loading. This increase
is explained by the enhancement of pelagic photosynthesis in the surface layer, which promotes DIC consumption and
corresponds to the pelagic photosynthetic drawdown mechanism (A1) defined in Sect. 6.1.

In contrast to the estuarine region, remineralization in the bottom layer is also strongly amplified. As shown in Fig. 14,

remineralization-related fluxes increase substantially with nutrient loading, and bottom-layer DIC concentration increases,
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reflecting enhanced decomposition processes corresponding to remineralization-driven pathways (U1) and post-production
DIC accumulation (R3).

Accordingly, the central bay exhibits a vertically differentiated structure in which surface-layer CO: uptake is driven by
enhanced photosynthesis (A1), while bottom-layer DIC regeneration is intensified by decomposition processes (U1 and R3).
As a result, although atmospheric CO: uptake increases overall, the A/R structure does not constitute an F-dominated
monotonic amplification pattern; instead, it constitutes a co-amplification regime in which both supply-side (A1) and loss-

side (R3) processes are simultaneously intensified.
7.3.2 Response of carbon fixation (F/U)

As shown in Fig. 15(A), carbon fixation flux increases markedly with increasing nutrient loading. This increase is explained
by the strengthening of pelagic primary production, corresponding to the nutrient-stimulated production pathway (F1)
defined in Sect. 6.2. The magnitude of this increase under the 2.0x-5.0x loading scenarios exceeds that observed in the
estuarine region.

At the same time, remineralization is also strongly amplified. As shown in Fig. 14, decomposition-related fluxes increase
substantially with nutrient loading, and benthic-faunal dynamics (Fig. 16) indicate seasonal biomass increases during the
spring—autumn growth period, followed by enhanced mortality during the summer hypoxic period, with an extended duration
under higher nutrient-loading conditions. These responses reflect the intensification of decomposition and oxygen-limitation-
related loss processes, corresponding to remineralization-driven reduction (U1) and hypoxia-induced suppression (U2).
Accordingly, nutrient enrichment simultaneously enhances production (F1) and decomposition (U1-U2), resulting in a
coupled amplification of both processes. Consequently, the F—U difference does not increase monotonically but varies
depending on the relative strength of these competing pathways.

In contrast to the estuarine region, where fixation remains dominated by production processes, the central bay exhibits a
strongly coupled F/U structure in which production and decomposition are co-amplified.

Thus, the F/U relationship in the central bay constitutes a co-amplification regime in which fixation-enhancement (F1-F3)

and reduction pathways (U1-U2) are simultaneously intensified.

7.3.3 Response of carbon storage (S/D)

As shown in Fig. 16, organic carbon storage increases with increasing nutrient loading. This increase reflects the
enhancement of organic-matter supply and burial processes, corresponding to the storage-enhancement pathway (S1) defined

in Sect. 6.3.
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In contrast to the estuarine region, CaCO:s storage also increases. This increase reflects the combined effects of enhanced
suspension-feeder biomass during the growth period and the persistence of shell material following summer mortality events,
corresponding to an intensification of the carbonate-associated storage pathway (S2).

Accordingly, nutrient enrichment enhances biological production and subsequently amplifies mortality-driven shell supply to
the sediment, resulting in increased particulate inorganic carbon accumulation. This behaviour indicates that both organic
(S1) and carbonate (S2) storage pathways are simultaneously strengthened.

Therefore, the S/D structure in the central bay constitutes a co-amplification regime in which increases in organic matter and

CaCO:s storage coexist, whereas loss processes (D1-D2) remain subordinate.

7.3.4 Summary of the central bay response

The central bay region is summarised as follows:

*  Uptake: a co-amplification structure in which pelagic photosynthetic drawdown (A1) and decomposition-driven
pathways (R3) are simultaneously intensified;

«  Fixation: a strongly coupled F/U structure in which fixation-enhancement pathways (F1-F3) and reduction pathways
(U1-U2) are co-amplified, and the net fixation (F—U) varies depending on nutrient loading;

*  Storage: a co-amplification structure in which both organic carbon burial (S1) and carbonate-associated storage (S2)
increase, while loss pathways (D1-D2) remain secondary.

Accordingly, nutrient enrichment in the central bay strengthens the coupling of internal ecosystem processes by

simultaneously enhancing production and decomposition across both organic and carbonate pathways.

In contrast to the pelagic-dominated monotonic amplification regime of the estuarine region, the central bay constitutes a co-

amplification regime in which supply-side and loss-side processes are simultaneously intensified.
7.4 Tidal-flat region: transformation-dominated regime
7.4.1 Response of carbon uptake (A/R)

As shown in Fig. 17, the air—sea CO- uptake flux in the tidal-flat region increases with increasing nutrient loading. This
increase is explained by enhanced pelagic primary production, which promotes DIC consumption in the surface water and
corresponds to the pelagic photosynthetic drawdown mechanism (A1) defined in Sect. 6.1.

However, the magnitude of the increase in CO- uptake is smaller than that observed in the estuarine and central bay regions.

This difference reflects the stronger influence of benthic processes in the tidal-flat region.
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In the tidal-flat region, a substantial fraction of organic matter supplied from the water column is transported to the sediment,
where it undergoes intensive decomposition and transformation processes. These processes enhance benthic remineralization
and DIC regeneration, corresponding to decomposition-driven pathways (U1) and post-production accumulation (R3).
Accordingly, although photosynthetic fixation (A1) is enhanced, benthic recycling processes (U1 and R3) are simultaneously
intensified and partly offset the increase in net DIC consumption.

Therefore, the A/R response in the tidal-flat region constitutes a moderated regime in which pelagic uptake (A1) and benthic

recycling processes (U1-R3) coexist.

7.4.2 Response of carbon fixation (F/U)

As shown in Fig. 18(A), carbon fixation flux increases with increasing nutrient loading in the tidal-flat region. This increase
is explained by the enhancement of pelagic primary production, corresponding to the nutrient-stimulated production pathway
(F1) defined in Sect. 6.2.

However, as shown in Fig. 19, the seasonal dynamics of benthic fauna indicate that biomass does not increase monotonically
throughout the year. Suspension feeders and deposit feeders increase during the spring—autumn growth period, whereas
mortality increases during the summer hypoxic period, and the duration of this mortality period becomes longer under higher
nutrient-loading conditions. These responses reflect the intensification of decomposition and oxygen-limitation-related loss
processes, corresponding to remineralization-driven reduction (U1) and hypoxia-induced suppression (U2).

Accordingly, although fixation (F1) is enhanced, loss processes (U1-U2) are simultaneously intensified, and increases in
fixation flux do not directly translate into proportional increases in biomass accumulation. Instead, production and loss
processes are co-amplified.

Therefore, the F/U relationship in the tidal-flat region constitutes a transformation-dominated regime in which fixation-

enhancement (F1-F3) is constrained by strong loss pathways (U1-U2).
7.4.3 Response of carbon storage (S/D)

As shown in Fig. 19, CaCO:s storage in the tidal-flat region is maintained at a high level and exhibits the largest absolute
amount among the three regions. This pattern reflects the persistence of carbonate-associated storage processes supported by
large benthic-faunal biomass, shallow water depth, sufficient light penetration, and repeated emersion—inundation cycles that
sustain oxygen supply to the benthic environment. These conditions correspond to the stabilisation of the carbonate-
associated storage pathway (S2) defined in Sect. 6.3.

At the same time, organic matter supplied from the water column is rapidly processed within the benthic system through
intensive decomposition and transformation processes. This behaviour reflects the dominance of transformation-driven

pathways (S3), in which externally supplied organic carbon is not stored but continuously converted and remineralized.
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Accordingly, although shell-forming supply (S2) is continuously maintained, organic-matter storage does not become the
dominant component of sedimentary carbon storage due to the strong activity of transformation and decomposition processes
(S3 and D1-D2).

Therefore, the S/D structure in the tidal-flat region constitutes a transformation-dominated regime, in which carbonate-

associated storage (S2) is maintained, while organic carbon is continuously processed rather than accumulated.
7.4.4 Summary of the tidal-flat response

The tidal-flat region is summarised as follows:

»  Uptake: a moderated amplification pattern, in which pelagic photosynthetic drawdown (A1) is enhanced but partially
offset by benthic recycling processes (Ul and R3);

*  Fixation: a transformation-dominated F/U structure, in which externally supplied organic matter is rapidly processed
through remineralization and hypoxia-related loss pathways (U1-U2), limiting net biomass accumulation;

«  Storage: a carbonate-associated storage structure, in which CaCOs accumulation (S2) is maintained, while organic
carbon is continuously processed through transformation pathways (S3) and loss processes (D1-D2).

Accordingly, carbon dynamics in the tidal-flat region are governed less by new production than by transport, transformation,

and redistribution within the benthic environment.

In contrast to the monotonic amplification regime of the estuarine region and the co-amplification regime of the central bay,

the tidal-flat region constitutes a transformation-dominated regime governed by benthic processing and redistribution.
7.5 Comparison of control structures among the three regions

In this study, responses among the three regions are compared based on the dynamic framework of uptake (A/R), fixation
(F/U), and storage (S/D) established in Sect. 6.

As shown in Fig. 10, a common tendency is observed in all three regions: both atmospheric CO: uptake and pelagic fixation
increase with increasing nutrient loading. This shared response reflects the strengthening of supply-side processes,
corresponding primarily to the pelagic photosynthetic drawdown (A1) and fixation pathways (F1-F2).

However, as revealed by the process-level decomposition analyses (Figs. 11-19), the relative relationships among the

processes governing uptake, fixation, and storage differ systematically by region.
7.5.1  Estuarine region: monotonic amplification type

In the estuarine region, fixation-enhancement pathways (F1-F3) are amplified; reduction pathways (U1-U2) are also
enhanced but do not exceed F; the F-U difference remains positive; and organic-matter storage (S1) increases, whereas

carbonate-associated storage (S2) weakens.
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Accordingly, amplification of supply-side processes is dominant, and no replacement of the control structure occurs. The
estuarine response therefore constitutes a monotonic amplification regime, in which the existing structure is strengthened

without structural transition.

7.5.2  Central bay region: co-amplification type

In the central bay region, fixation-enhancement pathways (F1-F3) increase sharply; reduction pathways (U1-U2) are
simultaneously amplified; the F—U difference varies with nutrient loading; and both organic (S1) and carbonate (S2) storage
increase.

Accordingly, both production and decomposition processes are strongly driven, resulting in a coupled amplification of
supply-side and loss-side processes. Therefore, the central bay constitutes a co-amplification regime, in which production

and decomposition are simultaneously intensified.

7.5.3  Tidal-flat region: transformation-dominated type

In the tidal-flat region, uptake (A1) increases, but amplification is moderated by benthic recycling (U1-R3); net fixation
remains limited because of strong loss pathways (U1-U2); and carbonate-associated storage (S2) is maintained, while
organic carbon is processed through transformation pathways (S3).

Accordingly, externally supplied organic matter is continuously transformed and remineralized within the benthic system.
Therefore, the tidal-flat region constitutes a transformation-dominated regime, in which carbon circulates through

transformation and redistribution rather than accumulation via new production.
7.5.4  Spatial differentiation of control structures

Thus, even under the same external forcing of increased nutrient loading, the estuarine region exhibits amplification of the
existing structure, the central bay exhibits co-amplification of production and decomposition, and the tidal-flat region
exhibits dominance of transformation processes.

Importantly, these differences do not simply reflect variations in flux magnitude but rather regional differences in the relative
dominance of the processes governing A/R, F/U, and S/D. In other words, this study demonstrates that the expression of
carbon-mitigation functions under nutrient enrichment is realised through spatially differentiated control structures.

This spatial divergence does not imply a discontinuous bifurcation; rather, it reflects a continuous modulation of the relative

dominance of governing processes in response to nutrient loading. These regional characteristics are summarised in Table 3.
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Table 3. Dual Carbon Loop matrix of carbon-control structures across the three regions.

Region A/R Dominant Balance F/U Dominant Balance S/D Dominant Balance Structural Type
(Absorption) (Fixation) (Storage)

Estuarine region A dominant amplification; limited F increases; F-U remains Organic S dominant; weakened Monotonic amplification
R enhancement positive CaCOs contribution

Central bay Concurrent A and R enhancement F and U co-amplify; net balance Organic and CaCOs increase Co-amplification

region load-dependent simultaneously

Tidal-flat region Moderate A increase; coupled Transport-driven U relatively CaCO; dominant; stable S supply Transformation-dominated
regeneration dominant

8 Synthesis: spatial differentiation of carbon-control structures in the Dual Carbon Loop

8.1 Integrated perspective of this study

Sect. 6 establishes the carbon-cycle structure in EMAGIN-B.C. ver.2 as a dual-loop system organised into three functional
axes: uptake (A/R), fixation (F/U), and storage (S/D), each governed by dynamic imbalances between supply-side and loss-
side fluxes across different temporal scales.

Sect. 7 compares responses in the estuarine, central bay, and tidal-flat regions based on this mechanistic framework. Across
all three regions, increasing nutrient loading enhances atmospheric CO: uptake and pelagic carbon fixation, reflecting the
strengthening of supply-side processes corresponding primarily to pelagic photosynthetic drawdown (A1) and fixation
pathways (F1-F2).

However, the relative relationships among the processes governing uptake, fixation, and storage differ systematically among
regions, as expressed by distinct combinations of governing pathways (A1-R3, F1-U2, and S1-S3).

Accordingly, these differences constitute the spatial differentiation of carbon-control structures. This perspective extends the
Dual Carbon Loop framework by showing that carbon-cycle responses to nutrient enrichment are governed not only by flux
magnitudes but also by the structural balance among uptake, fixation, and storage processes, as defined by the relative

dominance of their underlying mechanisms.

8.2 Spatial differentiation of carbon-control structures

As summarised in Table 3 (Dual Carbon Loop Control Structure Matrix), the three regions are categorised into distinct types

based on the dominant balance relationships within A/R, F/U, and S/D. In the estuarine region, DIC consumption driven by
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pelagic photosynthesis (A1, F1-F2) is dominant, and the existing control structure is strengthened, constituting a monotonic
amplification regime. In the central bay, fixation-enhancement pathways (F1-F3) and reduction pathways (U1-U2) are
simultaneously intensified, resulting in a co-amplification regime characterised by strong coupling between production and
decomposition processes. In the tidal-flat region, externally supplied organic carbon is intensively processed through
transformation pathways (S3) and remineralization processes (U1-U2), while carbonate-associated storage (S2) is stably
maintained, constituting a transformation-dominated regime.

Thus, even under the same external forcing—namely increased nutrient loading—the carbon-mitigation function is not
uniformly amplified; instead, it is realised through distinct control structures that emerge from region-specific balances
among governing processes. Here, the term “control structure” refers to the relative dominance between supply-side and
loss-side processes within each functional pair (A/R, F/U, S/D), as defined by the underlying mechanisms (A1-R3, F1-U2,
and S1-S3). It does not imply a mathematical discontinuous bifurcation but rather a continuous modulation of process

dominance in response to environmental forcing.

8.3 Nonlinearity and modulation of dominant balance

In the central bay, both fixation-enhancement pathways (F1-F3) and reduction pathways (U1-U2) are simultaneously
intensified, resulting in a co-amplification structure. This structure reflects strong coupling between production and
remineralization processes and demonstrates that the net balance between F and U is regulated by their relative intensities
rather than by a unidirectional increase in production.

Although a clear discontinuous transition (bifurcation) is not identified, modulation of the dominant balance among
governing pathways indicates structural conditions under which nonlinear responses may emerge. Accordingly, carbon
cycling in coastal systems does not respond to increasing nutrient loading through a simple proportional relationship. Instead,
system behaviour is governed by shifts in the relative dominance among internal ecosystem processes.

Thus, nonlinearity in coastal carbon cycling arises not from abrupt threshold behaviour but from continuous modulation of

competing processes within the Dual Carbon Loop framework.
8.4 Implications for coastal carbon management

The results of this study indicate that carbon management in coastal systems cannot be evaluated solely based on changes in
the magnitude of carbon uptake or fixation. Even under the same nutrient-control policy, distinct carbon-control structures
govern system responses: pelagic amplification driven by photosynthetic pathways (A1, F1-F2) dominates in the estuarine
region; production and decomposition pathways (F1-F3 and U1-U2) are simultaneously intensified in the central bay,
resulting in a co-amplification structure; and transformation and redistribution processes (S3 and U1-U2) dominate in the

tidal-flat region, while carbonate-associated storage (S2) is maintained. Accordingly, the evaluation and design of carbon-
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mitigation strategies in coastal environments must explicitly account for region-specific carbon-control structures, rather

than relying on uniform assumptions based solely on bulk carbon fluxes.

8.5 Conclusions

From the perspective of the Dual Carbon Loop, this study establishes an integrated framework for understanding the
responses of carbon uptake, fixation, and storage to increased nutrient loading and demonstrates that their realization patterns
are spatially differentiated.

Carbon cycling in urban coastal systems is not governed simply by quantitative changes in flux magnitude. Rather, diverse
mitigation functions emerge from spatial differences in the relative dominance and arrangement of governing processes
within the A/R, F/U, and S/D structures.

Accordingly, the concept of carbon-control structure proposed in this study provides a fundamental framework for process-

based coastal ecosystem modelling and for the design of coastal carbon-management strategies.
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