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ARTICLE INFO ABSTRACT

An ecosystem model called the “EMAGIN-B.C. ver 1.0 (Ecosystem Model for Aquatic Geologic Integrated Network for
Blue Carbon)”, describing the Carbon-Nitrogen-Phosphorus-Oxygen-Calcium cycle was developed to estimate/pre-
dict carbon capture and storage in estuaries. EMAGIN-B.C. analyzes (1) carbon burial, wherein carbon is captured
biologically in the pelagic and benthic ecosystems and stored in deeper sediments, (2) CO, uptake at the ocean
surface while considering the carbonate chemistry with total alkalinity and Dissolved Inorganic Carbon (DIC) pro-
duction/consumption due to biochemical processes, (3) DIC capture associated with grazing at the trophic level
among phytoplankton, zooplankton, and benthic fauna, (4) the effects of hypoxia on benthic fauna and bacteria by
precise modeling of the biochemical oxygen production/consumption and the resultant hypoxia, and (5) the carbon
transport by integration with the hydrodynamic model. EMAGIN-B.C. was applied to Tokyo Bay, a eutrophic, shallow
coastal area, and reproduced the observations well. From the model outputs, it can be observed that Tokyo Bay
shows functions of climate change mitigation. In the one-year carbon budget, Tokyo Bay captured 16.6% of the DIC
from the atmosphere and river as organic matter by biological processes, and 3.9% of the total carbon flowing from
the atmosphere and river was stored in the deeper sediment layer.
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1. Introduction

Fossil fuel combustion and changes in land use after the industrial re-
volution have been known to destabilize the carbon equilibrium state be-
tween the atmosphere and ocean on a global scale, and it is estimated that it
will take several millennia to regain equilibrium (Hoffert et al., 1979). The
global ocean contains approximately 50 times more carbon than does the
atmosphere (Archer and Brovkin, 2008), and it is an important sink of at-
mospheric CO, (Houghton and Intergovernmental Panel on Climate
Change. Houghton, 2001). Major global carbon reservoirs are comprised of
the atmosphere, oceans, terrestrial biosphere, fossil fuels, and lithosphere
(kerogens and sedimentary rocks), among which the oceans are the second
largest reservoir (Falkowski et al., 2000; Solomon, 2007; McLeod et al.,
2011). However, it is unclear whether the carbon reserved/sequestered by
the shallow coastal waters comprised of estuaries, shallows, salt marshes,
seagrass, mangroves, and intertidal flats have been included in these past
estimations (McLeod et al., 2011). Recently, despite their relatively small
areal coverage of 0.5% of the global earth (UNEP), several studies have
focused on exploring the potential of shallow coastal waters as carbon re-
servoirs (stocks) and sinks (flows) due to their dense biological activities.

(Alongi et al., 2016; Chen et al., 2013; Chmura et al., 2003; Donato et al.,
2011; Fourqurean et al., 2012; Frankignoulle et al., 1998; Kubo et al., 2017;
Kuwae et al., 2016; Murdiyarso et al., 2015)

Our definition of ocean functions for carbon capture and storage, the so-
called “climate mitigation functions of the ocean” are those classified into
(1) a CO,, uptake function, (2) a Dissolved Inorganic Carbon (DIC) capture
function, and (3) a carbon storage function (Fig. 1). The CO, uptake func-
tion is absorption of atmospheric CO, into the ocean by an air-sea CO, gas
exchange (physical CO, uptake), while the DIC capture function is tempo-
rally fixing DIC as organisms or as CaCO3 by biological production (biolo-
gical DIC capture), and the carbon storage function is long-term (on a
geological time scale) carbon sequestration deep into the sediment. When
considering the shallow coastal water as composed of benthic and pelagic
systems and focused on captured and stored carbon stocks within the eco-
system, the amount of carbon remaining in the system results in the fol-
lowing fluxes: Flux 1 is the burial of the particulate organic carbon (POC,
comprised of detritus) and calcium carbonate (CaCOs3) into a sedimentation
zone on a geological time scale; Flux 2 is the air-sea CO, gas exchange; Flux
3 is inflows of POC, dissolved organic carbon (DOC), and DIC (which is
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comprised of COy 54, H2CO3, HCO3 ™, and CO5%) from the river; and Flux 4
is the inflow/outflow of POC, DOC, CaCOs3, and DIC into the continental
shelf or deep sea (Fig. 1). Here, the effects of the input of DIC and DOC
through groundwater flow and volcanic activity, the subtraction of DIC, and
the DOC associated with non-resident fish are omitted in Fig. 1 and are also
currently excluded from our research objectives. If the value of Flux 1,
burial, is higher, the geological time scale carbon stock that exists as fossil
fuels and CaCOs in the shallow coastal system increases. If the sum of Fluxes
2, 3, and 4 is positive, the temporal carbon stock in the shallow coastal area
increases, and, conversely, it decreases if the sum of the fluxes is negative.
The flux directly affecting atmospheric CO, is Flux 2, and its effect is re-
latively in the short-term. In contrast, Flux 1 affects atmospheric CO, in-
directly but long-term. Fluxes 3 and 4 affect Fluxes 1 and 2 through the
biochemical and physical processes in the shallow coastal ecosystem.

As for the value of Flux 1, burial rates of organic carbon in vegetated
shallow coastal waters are exceptionally high, exceeding those in the
soils of terrestrial forests by 30- to 50-fold (Duarte et al., 2013). Globally,
coastal vegetated habitats and terrestrial forests bury comparable
amounts of organic carbon annually, despite the extent of coastal marine
vegetation being less than 3% of forests, although this estimated value
has great uncertainty (Duarte, 2017; Duarte and Cebrian, 1996; Duarte
et al., 2005). As for the value of Flux 2, some shallow coastal waters are
recognized to be net emitters of CO, to the atmosphere through air-sea
CO,, gas exchange (Borges and Abril, 2011; Cai, 2011; Chen et al., 2013;
Laruelle et al., 2013); however, some studies have indicated CO, uptake
(Kone et al., 2009; Kubo et al., 2017; Kuwae et al., 2016). In terms of
Flux 3, Chen et al. (2012) estimated the air-sea CO, gas exchange from
the head to the mouth of large river estuaries and concluded that the
head of the estuary is a strong CO, source while the mouth of the estuary
functions as a large CO, sink. Kuwae et al. (2016) also argued that the
nutrient load from rivers affects the air-sea CO, gas exchange. In terms of
Flux 4, several sources estimate the inflow/outflow of DOC, DIC, and
POC in terms of the carbon stock of shallow coastal areas based on ob-
servations or budget models (Algesten et al., 2006; Eyre and McKee,
2002; Kubo et al., 2015; Mahmud et al., 2017).

In general, estimations of Fluxes 1, 2, 3, 4, and shallow coastal carbon
stock are derived from the limited observations and statistical analyses on
each flux. In addition, available observational data from particular systems
are insufficient to cover the large spatial and temporal variability of carbon
cycles. Furthermore, Fluxes 1, 2, 3, 4, and the carbon stock of shallow
coastal areas are influenced by biological DIC capture flux, Flux 5 in Fig. 1,
and all these factors are the result of interactions between physical and
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biochemical processes in the shallow coastal ecosystem. Therefore, the
ecosystem model describing the physical and biochemical processes, i.e., the
ecological connectivity, is a powerful tool (1) to understand the spatio-
temporal patterns and variability, (2) to pursue the key mechanisms and
interactions, and (3) to predict the ecosystem response to environmental
measures. In addition, the model’s representation of the results from the
ecological connectivity enables us to reveal the unknown partial processes
from the dynamics of the whole ecosystem. In fact, while taking into ac-
count the above advantages of the ecosystem model, a number of ecosystem
models describing the ocean biogeochemistry and the lower trophic levels
of the food web have emerged over the last two decades, in a variety of
contexts ranging from simulations of batch cultures or mesocosms over the
shallow coastal waters to the global ocean (Aumont et al., 2003;
Butenschoen et al., 2016; Fasham et al., 1990; Flynn, 2010; Geider et al.,
1997; Stock et al., 2014; Wild-Allen et al., 2010; Yool et al., 2013;
Zavatarelli and Pinardi, 2003).

When the ecosystem model is applied to shallow coastal waters with
high biological productivity and is used to reveal the spatiotemporal
dynamics of Fluxes 1-5 (Fig. 1) as results of ecological connectivity, it is
significant for it to satisfy the following requirements simultaneously:

I Coupling the benthic and pelagic ecosystems to demonstrate the
series of processes in which carbon is captured in water or sediment
surfaces and is stored in deeper sediments.

II Describing the food web of detritus, phytoplankton, zooplankton,
and benthic fauna to estimate the carbon capture function asso-
ciated with grazing at the trophic level.

III Incorporating the carbonic chemistry theory among DIC, total al-
kalinity, pH, and partial pressure of CO, (pCO,) while describing
detailed alkalinity production/consumption through biochemical
processes to estimate the air-sea CO, gas exchange.

IV Treating Carbon-Nitrogen-Phosphorus-Oxygen-Calcium coupled cy-
cles to estimate the biological production that affects the biological
DIC capture functions.

V Describing the vertical profiles of biochemical processes at micro-
scales (mm-scale pitch) in the sediments related to oxygen con-
sumption/production to demonstrate the effects of hypoxia on (a)
benthic fauna (its mortality processes), which affects the biological
DIC capture functions, and (b) bacterial processes such as the oxic,
suboxic, and anoxic mineralization and re-oxidation of the Oxygen
Demand Unit (ODU, comprised of Mn?", Fe?*, and S®>~; Soetaert
et al., 1996), which affect the alkalinity production/consumption.

| Flux 3: Inflows of
POC, DOC, and
DIC from rivers

-Fluxes directly dominating carbon stock inside
of the shallow coastal ecosystem

-Biulogical production |
C] Carbon Reservoir

77777 The area of the shallow coastal ecosystem

Flux 5:Biological

Benthic Ecosystem

|
take flux|i

I
| ‘-
| DIC | Production | Organism and CaCO, [ I
I e iB_idG |c_aIEIC | 7’ N |, Flux 4: In/Outflows of |
1 ES@&S} | i_captl?re Flux !' ) POC, DOC, and DIC |
| +CO | | === =i 1__from/into the continental|
| Living sgNon-Living ﬁ shelf or deep sea
I Organism,_| Organism | - T
1 and CaCO, 1
| 1
| I
I I
I I
| I

I

Fig. 1. The five fluxes dominating the dynamics of carbon stock in the shallow coastal area. The area inside the dotted line is the shallow coastal ecosystem, which is

the target of estimation.
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VI Integration with the hydrodynamic model to estimate the carbon
transport in the estuary and at the offshore boundary.

Most of the ecosystem models treating the coupling of the benthic
and pelagic ecosystems were produced with an emphasis on studying
eutrophication (Cerco et al., 2006; Fennel et al., 2011; Lancelot et al.,
2005; Meire et al., 2013; Reed et al., 2011; Soetaert et al., 2001; Soetaert
and Middelburg, 2009; Yakushev et al., 2017). The biochemical pro-
cesses considered in these models are mainly the bacterial biogeochem-
ical processes, due to their focus on deoxygenation and redox bio-
geochemistry at the sediment and sediment-water interface. Thus, they
treat vertical micro-profiles of biochemical processes and do not treat the
benthic fauna explicitly. As for the food-web modeling, currently, one of
the most well-known and established coupled models is the European
Regional Seas Ecosystem (ERSEM) model, which demonstrates C-N-O-P-
Si-Fe coupled cycles and the food web, including benthic fauna
(Butenschoen et al., 2016). As for the carbonate chemistry, biochemical
processes can lead to either an increase or decrease of both DIC and
alkalinity (Soetaert et al., 2007; Wolf-Gladrow et al., 2007), and there
exist various treatment methods especially for alkalinity production/
consumption. For example, the Bottom RedOx Model (BROM) (Yakushev
et al., 2017) and the Dream OceaN Global Research Integration model
(DONGRI) (Sohma et al., 2005) treat the total alkalinity as a model
variable and calculate the increase and decrease of alkalinity due to the
oxidization/reduction linked to biogeochemical processes. ERSEM treats
the nutrient concentration effect on the alkalinity (Artioli et al., 2012).

The model “EMAGIN-B.C. ver 1.0” (the Ecosystem Model for
Aquatic Geologic Integrated Network for Blue Carbon), introduced
herein, is unique in that it simultaneously meets all the requirements in
items I to VI. The objectives of EMAGIN-B.C. are to demonstrate the
spatiotemporal dynamics of Flux 1, the burial of POC and CaCOs3; Flux
2, the air-sea CO, gas exchange (physical CO, uptake); Flux 3, inflows
of POC, DOC, and DIC from rivers; Flux 4, the inflow/outflow of POC,
DOC, CaCOs3 (carbon storage), and DIC into the continental shelf or
deep sea; and, lastly, Flux 5, biological production (biological DIC
capture) to estimate/predict the carbon stock of the estuary. The final
goal of EMAGIN-B.C. is to reveal the mechanisms/interactions of bio-
chemical-physical processes linked to carbon stock in various shallow
coastal areas, such as salt marshes, sea grass beds, tidal flats, man-
groves, coral reefs, and urbanized enclosed estuaries and fjords and to
estimate/predict their mitigating effects on climate change.

As a first step, EMAGIN-B.C. ver 1.0 was developed and applied to
Tokyo Bay, whose coastal type is classified as a eutrophic, semi-closed
estuary with river inflows. Tokyo Bay was chosen because the ecosystem is
less complex, and comprehensive observed data were present, as com-
pared to in other shallow vegetated coastal areas. In this paper, we in-
troduce the EMAGIN-B.C. ver 1.0 model and validate the model by ap-
plication to Tokyo Bay. In addition, we demonstrate the carbon stock, CO-
uptake, DIC capture, and carbon storage functions of Tokyo Bay through
an analysis of the carbon cycle mechanisms derived from EMAGIN-B.C.

2. Model description

EMAGIN-B.C. was developed based on the previous developed ecolo-
gical connectivity hypoxia model (Sohma et al., 2008), referred to here as
EMAGIN-E.H. (the Ecosystem Model for Aquatic Geologic Integrated
Network for Eutrophication and Hypoxia), which focused on the estima-
tion and prediction of the eutrophication/hypoxia effect on the estuaries
with respect to (1) the linkage of the benthic and pelagic ecosystems, (2)
the food-web structure among detritus, phytoplankton, zooplankton, and
benthic fauna, (3) the description of the C-N-P-O coupled cycles, (4) the
description of the benthic vertical micro-scale variations of the benthic
biogeochemical processes, such as the oxic, suboxic, and anoxic miner-
alization, denitrification, nitrification, and oxidation of ODU (Mn?", Fe?*,
$27), and (5) the interaction between the central bay (hypoxic area) and
tidal flat ecosystems. The processes added to EMAGIN-B.C. that did not
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exist in EMAGIN-E.H. are in the carbonate system, including (1) the car-
bonate chemistry theory among DIC, total alkalinity (TALK), pCO,, and
pH, (2) DIC and TALK production/consumption due to biochemical pro-
cesses in the benthic and pelagic systems, and (3) the formation/dissolu-
tion of CaCOs. As a result, EMAGIN-B.C. represents mechanistically the
dynamics of carbon capture and storage functions in the shallow coastal
area as a result of the linkage among the carbon-nutrients-oxygen cycling
system, the food-web system, and the carbonate chemistry system.

EMAGIN-B.C. is composed of two models: a hydrodynamic model
and an ecological model. The analysis flow of EMAGIN-B.C. and the
forcing factors of the hydrodynamic and ecological models are illu-
strated in Fig. 2. Through coupling with the hydrodynamic model,
EMAGIN-B.C. can estimate the carbon transport within the estuary and
at the offshore boundary of the estuary.

2.1. Hydrodynamic model

The hydrodynamic model simulates the three-dimensional physical
field in the pelagic system of the estuary and demonstrates long-term
variability of the flow field, salt, and heat transport. The driving forces of
the flow field considered in the model are tidal forces, surface winds, and
the local density gradient with realistic coastal topography and bathy-
metry. An overview of the model is shown in Appendix F. More details on
the hydrodynamic model are well described by Nakata et al. (1983a,
1983b) and Sohma et al. (2008). The target area is a mesoscale estuary
(1-100 km?) defined as a semi-enclosed shallow coastal water body where
seawater mingles with freshwater from rivers (Pritchard, 1967).

2.2. Ecological model

The ecological model is a system of equations that establishes the
components governing the dynamics of the coastal carbon stock and its
related environmental phenomena as model variables. The model describes
the interaction among model variables as the transformations that C, N, P,
Ca, and O, undergo as the result of biochemical processes while considering
the physical transport. The dynamics and spatial distribution of the model
variables are described by partial differential equations (refer to Appendix
A). The equations satisfy the mass conservation of C, N, P, Ca, and O, and
are comprised of the production and consumption terms of biochemical
processes and transport terms triggered by physical processes. Each path of
the C-N-P-Ca-O coupled cycle (as biochemical processes) is derived from
empirical and experimental formulations. The formulations of each bio-
chemical reaction are based on a first order reaction and include (a) several
model variables, (b) environmental variables obtained from prescribed
functions and data (e.g., temperature, light intensity), (c) biochemical
parameters, and (d) universal constants. The values of the biochemical
processes are calculated and changed at each time step. Changes in the
biochemical processes affect the dynamics and spatial distribution of the
model variables and vice versa. The ecological model simulates the eco-
system dynamics as the result of this entanglement of various interactions.
The biochemical processes and model variables treated in EMAGIN-B.C. are
described in Fig. 3(a) and (b) (refer to Appendix B for details).

2.3. Biochemical processes

We focus on biochemical processes affecting the climate change
mitigation function (i.e., physical CO, uptake, DIC biological capture,
and carbon storage in Fig. 1) conceptually. It includes three systems: (a)
the carbon-nutrients-oxygen cycling system comprised of plankton
primary production and bacterial biogeochemical processes, (b) the
food-web system from planktons to benthic fauna and detritus to
benthic fauna, and (c) the carbonate chemistry system among DIC
(which is comprised of CO," (i.e., sum of CO24q and H,CO3), HCO5™, and
C05%), and pH. The three systems are linked to each other and govern
the climate change mitigation function.

The conceptual-simplified diagram related to the climate change
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mitigation function comprised of the three systems in the shallow
coastal areas are shown in Fig. 4. The red arrows indicate DIC increase/
decrease mechanisms linked to CO, uptake/release and POC burial
mainly dominated by the carbon-nutrients-oxygen cycling system and
the food-web system. The blue arrows indicate alkalinity increase/de-
crease mechanisms linked to CO, uptake/release and CaCOs burial
mainly driven by the carbonate chemistry system and the food-web
system (i.e., shell formation). Both DIC and alkalinity increases/de-
creases result in changes in pCO, and pH (Millero, 1995). pCO, at the
ocean surface is the governing element of CO, uptake/release at the
ocean surface, as formulated below:
F;‘ = E(pCOZ,water_pCOZ,air) (1)
where F; is the CO, uptake/release flux at the ocean surface (the net-
flux of CO, between the air and sea systems) [ugC-cm ~%s™'], E is the gas
exchange coefficient [pgC-cm ~?s™ patm™1, and pCOs, water and pCO3. i
are the partial pressures in the surface-water and in the atmosphere
[patm], respectively. For E, there are several empirical functions, such
as the function for wind speed (Wanninkhof and McGillis, 1999) and
the function for temperature and salinity (Sorai and Ohsumi, 2005),
both of which can be selected in the model (Appendix C). The model’s
descriptions of the three systems are as follows.

2.3.1. Carbon-nutrients-oxygen cycling system

The photosynthetic and biogeochemical processes connecting phyto-
plankton—zooplankton—detritus—dissolved organic matter (DOM)-nutrients
(NH4-N, NOs-N, PO4-P)-dissolved oxygen are the same as in EMAGIN-E.H.
(Sohma et al., 2008). The processes are formulated based on a first-order
reaction formula multiplied by functions of (1) the nonlinear or linear
reactions that represent the limitations of light intensity in photosynthesis
and the limitations or inhibitions of model variables (e.g., nutrient lim-
itation in photosynthesis, oxygen limitation in oxic mineralization and
nitrification) and (2) the response to temperature. The formulations are
described in Tables B6 and B7 in Appendix B.

Ecological Modelling 384 (2018) 261-289

2.3.2. Food-web system

The benthic fauna is divided into suspension feeders and deposit
feeders. In the model, suspension feeders feed on particulate organic
matter (i.e., phytoplankton, zooplankton, detritus, and DOM), while
deposit feeders feed on detritus and DOM in the benthic system. The
parts of the feeding phytoplankton/zooplankton/detritus/DOM are as-
similated as the feeders’ biomass. The mortality of benthic fauna due to
hypoxia were considered/formulated to estimate the effect of hypoxia on
benthic fauna for climate-change mitigation (Table B7 in Appendix B).

2.3.3. Carbonate chemistry system

As for the carbonate chemistry system, inorganic carbonate chemistry
and partial pressure physics are well understood and can be reproduced
with fair accuracy even in a simple carbonate chemistry theory that con-
siders the chemical relations among DIC (which is comprised of CO,’,
HCO3", and CO3>), TALK, pCO,, and pH to be at chemical equilibrium
(Hoffert et al., 1979; Millero, 1995; Dickson, 1981, 1990; Dickson et al.,
2007; Mehrbach et al., 1973). At each time step of calculation, EMAGIN-
B.C. first calculates the production/consumption of DIC (i.e., the sum of
CO,", HCO; ™, and CO527) and TALK due to biochemical processes treated
in the carbon-nutrients-oxygen cycling system, as well as due to CaCO;
formation/dissolution, by using the stoichiometric relations shown in
Table 1. Then, pCO, and pH are solved from DIC and TALK through the
theory of inorganic carbonate chemistry, using chemical equilibrium con-
stants among CO,", HCO3™, and CO52~. Here, the chemical equilibrium
constants are given as empirical functions of ambient temperature and
salinity (e.g., Weiss, 1974; Dickson and Goyet, 1994; Millero, 1995). The
calcium carbonate formation is considered to be proportional to feeding of
benthic fauna (suspension feeders and deposit feeders), and the calcium
carbonate dissolution is formulated based on differences from the con-
centration of CO5> calculated at each time step, to the saturated con-
centration of CO52~. The saturated concentration of CO52~ is described as a
function of ocean depth (Broecker and Takahashi, 1978). The formulations
are described in Tables B6 and B7 in Appendix B.

All three systems comprise the benthic and pelagic coupled eco-
system and are sensitive to the vertical profiles at the microscale in the
benthic system (i.e., dissolved oxygen concentration, ratio of oxic,
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Fig. 3. (a), Model variables (boxes) and biochemical processes (arrows) in the pelagic system of EMAGIN-B.C. ver. 1.0. In Fig. 3(a), TALK is Total Alkalinity, ODU is
Oxygen Demand Unit, and TEA is Terminal Electron Accepter. For stoichiometric relationships and units of TALK, ODU, and TEA, refer to Table 1, Appendix B, and
2008. (b), Model variables (boxes) and biochemical processes (arrows) in the benthic system of EMAGIN-B.C. ver. 1.0. In Fig. 3(b), TALK is Total
Alkalinity, ODU is Oxygen Demand Unit, and TEA is Terminal Electron Accepter. For stoichiometric relationships and units of TALK, ODU, and TEA, refer to Table 1,
Appendix B, and Sohma et al., 2008.
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Fig. 4. The essential biochemical processes related to physical CO, uptake, biological DIC capture, and carbon storage in the shallow coastal area treated in EMAGIN-
B.C. Red arrows describe DIC increase/decrease mechanisms. Blue arrows describe total alkalinity increase/decrease mechanisms. Physical CO, uptake/release
mechanism is the function of differences in the CO, (pCO,) pressure at the ocean surface. (Shell formations of phytoplankton and zooplankton in Fig. 3(a) are set at
zero in shallow coastal areas of Japan).

Table 1
Stoichiometric relationships associated with biochemical processes and the production/consumption of DIC and total alkalinity (TALK) through the biochemical
processes treated in EMAGIN-B.C.

Biochemical Processes DIC Alkalinity
production or consumption production or consumption
(ADIC) (ATALK)

Photosynthesis using NH;-N —1 [molCO,/molC] (—n+1)/m [eq/molC]

m-(CO,) + n-(NH3) + (H3PO,4) + m-(H,0)
—(CH20)(NH3),(H3PO4) + m-(0)

Photosynthesis using NO3-N —1 [molCO,/molC] (n+1)/m [eq/molC]
m-(CO,) + n*(NO3) + (H3PO4) + (m+n)-(H,0) + n-H"
—(CH20)m(NH3),(H3PO4) + (2n+m) - (02)

Oxic mineralization, Excretion of plankton and benthic fauna 1 [molCO,/molC] (n-1)/m [eq/molC]
(CH20)m(NH3),(H3PO04) + m* (02)
—m-(CO,) + n-(NH3) + (HsPO,) + m-(H,0)

Suboxic mineralization 1 [molCO,/molC] (n+2a-ax-1)/m [eq/molC]
(CH20)m(N"H3)a(HsPO,) + a*(HN*O3)
—m-(CO,) + a-x/2-(N%)

+ n-(N'Hs) + a-(1-x)-(N*Hs) + (H3PO4) + b-(H,0)

where a = —4m/(3x—8),b=m-(3x—4) / (3x—-8),0=x =1,
These condition satisfied a = 0 and b < 0 at anytime

Anoxic mineralization 1 [molCO,/molC] (n-1 + 13/3m)/m [eq/molC]
(CH,0)»(NH3),,(H3PO4) + m-(TEA) (averaged value of reactions used each ODU matter)
—m-(CO,) + n-(N H3) + (H3PO,) + m-(ODU) + Q-(H,0)
where, ODU = 2Mn>", 4Fe**, and (1/2)S?>~, TEA = 2MnO,, 2Fe,03, and (1/2)S04>~

Nitrification —2 [eq/molN]
NH;+H,0+20, — NO3~ +2H,0+H™*
ODU oxidization 13/3 [eq/molODU]
ODU+0, — TEA (averaged value of reactions used each ODU matter)
where, ODU = 2Mn>", 4Fe**, and (1/2)S>~, TEA = 2MnO,, 2Fe;0s, and (1/2)S0,>
Production of calcium carbonate (shell formation of plankton, benthic algae, and benthic fauna) —1 [molCO,/molC] —2 [eq/molCa]
Ca®" +C03%~ — CaCOs
Dissolution of calcium carbonate 1 [molCO,/molC] 2 [eq/molCa]

CaCO3 — Ca®* +C042~

"1 Benthic fauna represents suspension feeders and deposit feeders in Fig. 2.

2 ODU means Oxygen Demand Unit and TEA is Terminal Electron Accepter. For stoichiometric relationships and units of TALK, TEA, and ODU, refer to Appendix B
and Sohma et al., 2008.

"> m, n denote C, N, P ratio of created or mineralized organic matter. i.e., G:N:P = m:n:1.

" x denotes the ratio of nitrogen reducing to nitrogen gas (N3) and reducing to ammonium from nitrate by suboxic mineralization. i.e., N:N*H; = x:(1 —x).

") a, b are coefficients determined from the stoichiometric relationship.
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suboxic, and anoxic mineralization, nitrification, and Mn?*, Fe?~, and
$2~ (ODU) oxidization). EMAGIN-B.C. describes the processes in Fig. 4,
via the benthic and pelagic coupled system, and describes the vertical
micro profiles of the biogeochemical processes in the benthic system.

3. Implementation

EMAGIN-B.C. was applied to Tokyo Bay and was used to calculate the
daily and seasonal dynamics of the average year, i.e., the ecological
dynamics in a year-long period called the “annual periodical steady state
of the existing Tokyo Bay.” The implementation method is almost iden-
tical to that in Sohma et al. (2008). Therefore, we summarize the ex-
planation here and discuss the new components of the implementation.

The prescribed functions (forcing functions) of the hydrodynamic and
ecological models (i.e., freshwater, nutrients, and carbon input from rivers,
meteorological conditions (e.g., light intensity, wind), and open boundary
conditions of model variables) were set as one-year periodic functions based
on data observed from 1998 to 2002. The convergence state of this simu-
lation describes the dynamics in a one-year period. The horizontal spatial
resolution for the simulation is different from those in the hydrodynamic
and ecological models. In the hydrodynamic model, a 2 X 2km grid was
implemented, whereas, in the ecological model, the Tokyo Bay area under
consideration was divided into 26 zones (boxes) (Fig. 5). The input data for
the ecological model from the hydrodynamic model (e.g., flow velocity,
eddy viscosity, and temperature) were averaged spatially and adjusted to
the 26 boxes of the ecological model while respecting the flow continuity
equation of water volume. The vertical grid interval in the benthic system
was set to 0.1-12mm, and the vertical spatial resolution in the pelagic
system was set at 1-2 m. Furthermore, the time step was set at 0.2 h, en-
abling the demonstration of both daily and seasonal dynamics. For the
biochemical and physical parameters, values were set within range of or at
the same order as the field/experimental data or the data used in other
models. The parameter values set in this study are listed in Appendix D.

4. Validation
The model was validated by confirming the reproducibility of the spa-
tiotemporal dynamics of the ecosystem through a comparison between the

observed data and the model outputs. The outputs are the result of the self-

Horizontal grid (zone)
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sustained ecological connectivity among biochemical-physical processes in
the benthic and pelagic systems. Therefore, reproduction with all model
variables is difficult, however, if it succeeds, it will be strong evidence that
the model closely approximates the real ecosystem and its mechanisms.
Samples of the seasonal dynamics of the model outputs concerned with the
carbonate chemistry system (i.e., DIC, TALK, pCOs, and pH) are shown in
Fig. 6. In the zones where observed data exist, the data are plotted in Fig. 4
simultaneously. In addition, Pearson’s correlation coefficient (R) between
the observed and calculated values, the P-values (P), and the sample
number (N) of the observed data are shown in Table 2. As shown in Fig. 6
and Table 2, the model has been mostly successful in reproducing the ob-
served values in the model variables with carbonate chemistry except for
the pH of the bottom layer at (i, j) = (3, 5), whose correlation coefficient R
is 0.17 (P = 0.463) and whose P-value is the highest among the variables.
However, except for the data on 1 August, 1 September, and 3 September,
the correlation coefficient of the pH of the bottom layer is 0.62 (P = 0.008),
and its reliability increases. The reproducibility of the seasonal variations,
daily variations, and spatial distributions of the model variables (e.g.,
phytoplankton, detritus, DOM, nutrients, dissolved oxygen, benthic algae,
and benthic fauna) concerned with the carbon-nutrients-oxygen cycling
system and the food-web system is at the same level as that of the carbonate
chemistry system (i.e., DIC, pCO,, and pH; refer to Appendix E).

5. Sample of the model output: carbon budget in Tokyo Bay

In this section, the model results of the annual average of the carbon
budget, including CO, physical uptake, DIC biological capture, and the
carbon storage functions in Tokyo Bay, are introduced as output examples
using the validated EMAGIN-B.C.

In Fig. 7 -left, the carbon cycle for all of Tokyo Bay (the entire cal-
culation area in Fig. 5) in spring (May), summer (August), autumn (No-
vember), and winter (February) are shown. Fig. 7-right shows the vertical
profile of the DIC production/consumption due to biochemical processes
and the air-sea CO, gas exchange (physical CO, uptake flux in Fig. 1) and
the burial flux into deeper sediment (carbon storage flux in Fig. 1) at zone
(ij) = (5, 4). Table 3 shows the breakdown of biochemical and physical
fluxes, which summarizes the fluxes described in Fig. 7-left. As for the
physical CO, uptake flux and the carbon storage flux, Fig. 7-right shows
that the carbon storage flux remains mostly stable in all seasons. In

Vertical grid (example of (i,j)=(7,5))
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Fig. 5. Geographical description of Tokyo Bay (calculated area, spatial resolution in the vertical and horizontal directions, and the coordinated zone; (ij) on the
model application). The numbers denoted at each zone are the mean depth of the zone (revised from Sohma et al., 2008). The left-side box shows the horizontal grid

(zone). The right-side box shows the vertical grid and its example at (i, j) = (7, 5).
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Central bay area (i,j)=(6,5)
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Fig. 6. Seasonal variations in Total Alkalinity (TALK), DIC, pCO,, and pH in zones (i,j) = (3,5) and (6,5). Comparison between the observed data (dots) and model
outputs (lines). The location of the area (i, j) is described in Fig. 5.

Table 2

The results of statistical analysis (Pearson’s correlation analysis) between the observed and calculated values at zones (i, j) = (3, 5) and (6, 5).

(a) at zone (i, j) = (3, 5)

Model variable Correlation coefficient : R P value : P Sample number : N
DIC surface layer - - -
bottom layer - - -
pCO, 0.42 0.002 51
pH surface layer 0.61 0.004 21
bottom layer 0.17 0.463 21
0.62" 0.008* 18*

(* except for three data points on Aug. 1, Sep. 1 and Sep. 3)

(b) at zone (i, j)

= (6, 5)

Model variable Correlation coefficient : R P value : P Sample number : N
DIC surface layer 0.68 0.010 13
bottom layer 0.78 0.002 13
pCO» 0.65 0.017 13
pH surface layer 0.46 0.039 20
bottom layer 0.62 0.003 20

"D R is Pearson’s correlation coefficient between the observed and calculated values. P is P-value.

“2 The lower the P-value, the more likely it is that the observed value was reproduced/explained by the calculated value (For example, R = 0.68, P = 0.01 means

that the probability that R = 0.68 is 1%, despite no correlation.).
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269



A. Sohma et al.

Table 3

Ecological Modelling 384 (2018) 261-289

The details of the biochemical and physical fluxes (contents) that summarize the fluxes described in Figs. 7 and 8.

Category Notation in Figs. 7 and 8 Contents

Carbon Reservoir DIC
Living Organism

Total CO, composed of CO,* +HCO3 ™~ +C0O3%~
Phytoplankton, Zooplankton, Benthic algae, Suspension feeder, Deposit feeder (including shell formulated by CaCO3)

Non Living Organism and Detritus, Dissolved Organic Carbon (DOC), CaCOj3 both in the benthic and pelagic systems

CaCO3
Flux 1
Flux 2
Flux 3(1)
Flux 3(2)
Flux 4(1)
Flux 4(2)
Flux 5

Fluxes existing
between the inside and
outside of the system

Air-sea CO, gas exchange
Inflows of DIC from rivers

Burial of Detritus+DOC+ CaCOs; to external sedimentation zone

Inflows of POC (Planktons and Detritus) and DOC from rivers
In/outflow into the continental shelf of DIC

In/outflow into the continental shelf of POC and DOC

Net biological processes of phytoplankton, zooplankton, benthic algae,

benthic fauna (suspension feeders, deposit feeders) and bacteria.
i.e, [photosynthesis of phytoplankton and benthic algae], [excresion of phytoplankton, zooplankton, benthic faunas],
[mineralization of detritus and dissoloved organic matter] and [shell formation of suspension feeders, CaCO5 dissolution].

contrast, the physical CO, uptake flux varies by about eight (0.252/0.035)
times depending on the season. This is because the carbon storage flux is
largely dominated by the burial of refractory detritus and CaCO;3 that were
accumulated in deeper sediments over the past 10- to 100-year timescale.
Therefore, daily fluctuations in the pelagic ecosystem or climatic condi-
tions have lower impacts on the burial flux compared to the air-sea CO,
gas exchange. For the biochemical process, Fig. 7-left shows that biological
DIC capture flux (i.e., the net biological production from DIC to organisms
and CaCOs) is highest in spring and lowest (negative value) in winter. In
addition, Fig. 7-right shows that DIC production occurs mainly at the se-
diment or sediment-water interface, and the DIC production is derived
from the mineralization of the benthic detritus and respiration of benthic
fauna. From the viewpoint of the vertical integral value at zone (i, j) = (5,
4), DIC consumption is larger than DIC production biochemically in the
spring and summer seasons. Incidentally, in the model, the shell formation
of CaCOj is mainly due to the growth of bivalves (suspension feeders) in
shallow areas. As for the carbon inflows of river origins and the carbon
outflows offshore of Tokyo Bay, the carbon flowing into Tokyo Bay
through rivers is largest in the summer. Concerning the amount of carbon
transported outside of Tokyo Bay at the offshore boundary, the total
amount of organic carbon (POC and DOC) and dissolved inorganic carbon
(DIC) carried away is also largest in the summer. However, with respect to
DIC (i.e., Flux 4 (2) in Fig. 7-left), a larger amount is transported outside
the bay in winter and autumn than in summer. In addition, a minimum
amount of DIC is transported outside the bay in the spring, although the
DIC inflow from the river in spring is the second largest among all the
seasons. These results indicate that the summer and spring ecosystems of
Tokyo Bay have a higher biological DIC capture function than do autumn
and winter. During the winter, organic carbon (POC and DOC) is brought

Annual average
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" Flux 4: nfoutflows |
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into Tokyo Bay. This phenomenon results from lower POC and DOC
concentrations on the inside compared to the outside of Tokyo Bay, which
is attributed to the low biological production (i.e., low biological DIC
capture flux) inside Tokyo Bay. Previous studies on Tokyo Bay revealed
part of the carbon flow and the amount of benthic organic matter in the
entire carbon cycle, based on observational data (Kubo and Kanda, 2017;
Ogawa and Ogura, 1997; Sato et al., 2006). In addition, there have been
cases in which the annual average value of the carbon balance has been
analyzed by the carbon budget model (Yanagi et al., 1993). However, the
analysis by EMAGIN-B.C. presented herein quantitatively shows the re-
lationship between the detailed biological/chemical/physical processes
and the resultant seasonal variations in the carbon cycle for the first time.

Fig. 8 -left shows the annual averaged carbon cycle (one-year carbon
budget) throughout the Tokyo Bay (the entire calculation area), and Fig. 8-
right shows the vertical profile of the annual averaged DIC production/
consumption biochemically and the air-sea CO, gas exchange as well as the
burial flux into the deeper sediments at zone (i, j) = (5, 4). As shown in
Section 3, since the model simulation calculates an annual cycle steady state
that returns to the same model variable values on a one-year cycle, the sum
of carbon inflows/outflows between the Tokyo Bay area and its outside area
described by this calculation is zero (i.e., steady state) in Fig. 8 -left. In the
one-year carbon budget, 96.1% of the total carbon flowing into Tokyo Bay
from the atmosphere and river flows out to the offshore area (outside of
Tokyo bay), (i.e., Flux 4 / {Flux 2 + Flux 3} in Fig. 8-left), and 3.9% is
stored in deeper sediment layer (i.e., Flux 1 / {Flux 2 + Flux 3} in Fig. 8-
left). In addition, 81.6% of the DIC flowing into the Tokyo Bay from the
atmosphere and river flows out to the offshore area as DIC (i.e., Flux 4(2) /
{Flux 2 + Flux 3(2)} in Fig. 8-left) and 16.6% of the DIC flowing into the
Tokyo Bay from the atmosphere and rivers is temporally captured as
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Fig. 8. Annual averaged carbon cycle throughout Tokyo Bay (the whole calculation area) and the vertical profile of DIC production and consumption at zone (i,

j) = (5, 4). The calculated Tokyo Bay area is 664 km?.
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organic matter and CaCO; by biological DIC capture flux (i.e., Flux 5 / {Flux
2 + Flux 3(2)}). These results indicate that Tokyo Bay captures DIC from
rivers and CO, from the atmosphere as organic carbon and CaCOs3 in Tokyo
Bay and stores carbon by burial of POC andCaCOs. These results suggest
that the Tokyo Bay system could sequester a small percentage of the carbon
entering the system. When considering a snapshot of the system at a single
level, this may not sound like much, but it is not insignificant. However, at
larger or even global scales or as a result of time, either the loss or re-
mediation of tidal flats/estuaries could have a non-negligible impact on
climate change. This model has the potential to reveal/estimate/predict its
impact and system mechanisms by (1) analyzing the patterns and variability
of the carbon stock and flow described in the model from a more diversified
perspective and (2) pursuing the key processes and interactions through
sensitivity analysis. In addition, the model has the potential to be both a
communication platform among scientists as well as among scientists and
policymakers since the model is based on processes and makes it possible to
explain the causes of carbon dynamics. The model introduced herein is the
basis for these future projects

6. Conclusion

The final goal of the EMAGIN-B.C. Project is to reveal the CO, physical
uptake, DIC biological capture, and carbon storage function on the basis of
biogeochemical and physical processes and to estimate and predict the
climate change mitigation function of all types of shallow coastal ecosys-
tems with high biological productivity. As a first step, we developed an
ecosystem model, EMAGIN-B.C. ver 1.0, applicable to “eutrophic enclosed
urbanized waters with river inflow,” where many observed data exist and is
relatively less complex compared to other high biological productive coastal
areas (i.e., mangroves, coral reefs, and salt marshes).

EMAGIN-B.C. ver 1.0 is a new model that possesses the features
described below:

e For demonstrating the series of processes in which carbon is cap-
tured in water or sediment surfaces and is stored into deeper sedi-
ments, the model is composed of benthic and pelagic ecosystems.

e For estimating the carbon capture function associated with grazing
at the trophic level, the model describes the food web among det-
ritus, phytoplankton, zooplankton, and benthic fauna.

e For estimating the air-sea CO, gas exchange, the model incorporates
the carbonic chemistry theory among DIC, total alkalinity, pH, and
pCO, as well as describes alkalinity production/consumption
through biochemical processes in detail.

e For estimating the primary production affecting the biological DIC
capture functions, the model considers Carbon-Nitrogen-
Phosphorus-Oxygen-Calcium coupled cycles.

e For demonstrating (a) the effect of hypoxia on benthic fauna that affect
the biological DIC capture functions and (b) the oxic, suboxic, and
anoxic mineralization and re-oxidation of the Oxygen Demand Unit
(ODU, comprised of Mn?*, Fe**, and $*>7; Soetaert et al., 1996),
which affect the alkalinity production, the model describes the vertical
profiles of biochemical processes at the microscale (mm-scale pitch) in
the sediments related to oxygen consumption/production.

e For estimating the carbon transport in the estuary and at the offshore
boundary, the model was integrated with the hydrodynamic model.

EMAGIN-B.C. ver 1.0 was applied to Tokyo Bay and validated by the
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reproducibility of the seasonal ecosystem variations with observed and
calculated values. Using the validated model, we analyzed the carbon
budget, including CO, uptake, DIC capture, and the carbon storage func-
tions in Tokyo Bay, obtaining the following results. Firstly, the dynamics of
the air-sea CO, gas exchange flux changed greatly on a seasonal time scale.
However, the buried carbon flux in deeper sediments was fairly stable.
Secondly, in the summer, a high amount of DIC was transported to Tokyo
Bay from the atmosphere and river and was stored in Tokyo Bay as organic
carbon or calcium carbonate by high biological production activities.
Thirdly, in the winter, DIC consumption due to biological production was
low, and DIC production due to mineralization of organic matter occurred,
although it was relatively lower than in the summer. As a result, more DIC
flowed out to the offshore area than was transported/originated from the
atmosphere and river. Finally, in terms of the annual carbon budget,
Tokyo Bay incorporated inorganic and organic carbon from the river and
absorbed CO, from the atmosphere. Then, of the incorporated and ab-
sorbed carbon, 3.9% was stored in the benthic permanent sedimentary
layer, and 96.1% was transported to the offshore area of Tokyo Bay. The
stored DIC as the organic carbon or the calcium carbonate formed by
biological productivity was 16.6% of DIC from the rivers and air-sea CO5
gas exchange. 81.6% of DIC flowing into Tokyo Bay from the atmosphere
and river flowed out to the offshore area.

This paper highlighted various components of a specific model: (1) the
model concept (clarification of the viewpoint of the model), (2) the nu-
merical construction and its linkage with the model concept, and (3) the
model demonstration applied to Tokyo Bay to check the model’s reliability
and the possibility of analyzing patterns and variability that might reveal
the processes and interactions for carbon management. As shown in this
paper, EMAGIN-B.C. can be a powerful tool to (1) predict/estimate the
patterns and variability of CO, uptake, DIC capture, and carbon storage
capacity of the estuary, (2) understand the processes and interactions that
dominate the carbon balance in the estuary, and (3) be used for man-
agement as the communication platform among scientists and policy-
makers in efforts made toward climate change mitigation. In addition, by
extending the applied area of the model to other shallow coastal areas
(mangroves, coral reefs, salt marshes, seagrass beds, reef seaweed beds,
and fjords), the climate change mitigation functions of those areas on a
global scale would be possible to estimate/predict. As for Tokyo Bay, we
predict future (1) analyses of its patterns and variability from a more di-
versified perspective of carbon stock and flow, (2) sensitivity analyses for
pursuing the key processes and interactions and predicting future sce-
narios, and (3) extension of the applied area of the model. We also foresee
a more extensive model development for application to other shallow
coastal areas using EMAGIN-B.C. ver. 1.0. as the basis for future work.
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The following seven equations and four assumptions are applied in the ecological model.

(1) Equation for the pelagic system:
ac,,

5 —(Wy*V)Cy + Ve(K-VC,) + ) R

(A1)

where C,, = the model variables in the pelagic system, i.e., phytoplankton, zooplankton, detritus (fast labile detritus, slow labile detritus, refractory
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detritus), dissolved organic matter (labile DOM, refractory DOM), DIC, TALK, NH,4-N, NOs-N, PO,4-P, DO, and ODU [mass/L3—1iquid] sV = (U, Vuy
w,,) = the flow velocity that already has been calculated by the hydrodynamic model [L/T]; t = time [T]; x, y, 2 = space coordinates [L]; R
= biochemical reactions and fluxes from outside the system [mass/L3—liquid/T];and K = the eddy diffusion (viscosity) tensor [Lz—liquid/T].

(2) Diagenetic equation for benthic dissolved substances:

a(¢c) B a{DBQ + ¢ (Ds + Dy + D/B)%}

ot 0z

6(¢~ vC)

+ ¢a(Co—C)— + @Rags + ¢ R A2)
where ¢ = porosity [-]; C = the model variables of the dissolved substances in the benthic system, i.e., dissolved organic matter (labile DOM,
refractory DOM), NH4-N, NO5-N, PO,4-P, DO, and ODU [mass/L3-liquid]; C, = concentration of dissolved substances at sediment-water interface
[mass/L3-liquid]; Ds = molecular diffusion coefficient in sediment including the effects of tortuosity [L?-sediment/T]; Dy = solid bio-diffusion
coefficient (interphase mixing expression) [L2-sediment/T]; D’g = solid bio-diffusion coefficient (interphase mixing expression) [L2-sediment/T];
Dy = irrigation coefficient (diffusion-like expression) [L2-sediment/T]; a = irrigation coefficient2 [1/T]; v = velocity of burial of water below the
sediment-water interface [L-sediment/T]; R4, = reactions of dissolved materials due to equilibrium adsorption or desorption [mass/L3—1iquid/T] ;
and 2R’ = all other slow (irreversible) biochemical reactions [mass/LB—liquid/T].
(3) Diagenetic equation for benthic particulate substances:

a- ; _
Ha-p)BC) _ a[’%%] o[0s0-07% | aip;a-pmw)

ot - oz oz - oz

+ (1-9)pRuas + 195 ), K A3)

where C = the concentration of a particulate substance in terms of mass per unit mass of total solids, i.e., detritus (fast labile detritus, slow labile
detritus, refractory detritus), absorbed DOM, and absorbed NH,4-N; 5, = density of total solid phase [mass-solid/ L3-solid]; w = rate of depositional
burial of solids [L-sediment/T]; R,q; = reactions of dissolved materials due to equilibrium adsorption or desorption [mass/mass-solid/T]; and ) R’
= all non-equilibrium slow biochemical reactions [mass/mass-solid/T].

(4) Equations for suspension feeders, deposit feeders, benthic algae, and CaCOs3:

B
= R

¢ 2R (A4
where B = mass, expressed per square of sediment [mass/L2-sediment] and Rg = biochemical reactions [mass/L>-sediment].
(5) Equation for the relation of the adsorption-desorption reaction:

—¢

——Rad
a-e)p (A5)

Rads =

(6) Equation for the mass/volume conservation of the benthic solid phase:

o(v-p) 8 (D 6¢)

ot 6z 2 9z (A6)
(7) Equation for the mass/volume conservation of the benthic liquid phase:
0(-¢)  odw-(-9)) Q(D 5(1—§0))

at oz Z\"" (A7)

Note that w and v in the benthic system are calculated to meet the relationship between Egs. (A6) and (A7).
The following assumptions are imposed on the equations described above (Berner, 1980):

i. Seawater is treated as an incompressible liquid: div v,, = 0

ii. The density of a solid does not change with space or time: g is constant

iii. The equilibrium expression for simple linear adsorption: C = K’C, K’ = adsorption coefficient.

iv. The adsorptive property does not change with space or time: K’ is constant.

v. If C is adsorbed substances, then there are no slow diagenetic reactions, hence, Y. R’ = 0 in Eq. (A3).

Appendix B. Formulations of major biochemical processes

The details of the model variables and formulations of biochemical processes are shown in Tables B1-B7.

Table B1

Notation of model variables (pelagic system).
Model variable Unit Notation and [No.] in the model
Phytoplankton mgC/1 (ugC/ml) PP [01]
Zooplankton mgC/1 (ugC/ml) ZP [02]
Fast labile detritus mgC/1 (ugC/ml) WDE; [03,1]
Slow labile detritus mgC/1 (ugC/ml) WDE, [03,2]
Refractory detritus mgC/1 (ugC/ml) WDE; [03,3]
Labile dissolved organic matter (Labile DOM) mgC/1 (ugC/ml) WDM; [04,1]
Refractory dissolved organic matter (Refractory DOM) mgC/1 (ugC/ml) WDM,, [04,2]
Ammonium (NH,) mgN/1 (ugN/ml) WNX [05]
Nitrate (NO3) mgN/1 (ugN/ml) WNY [06]
Phosphate (POy) mgP/1 (ugP/ml) WDP [07]
Reduced substances (ODU; i.e., Fe2*, Mn2", $%) mg/1 (ug/ml) WOU [08]
Dissolved oxygen mg/1 (ug/ml) WDO [09]

(continued on next page)
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Table B1 (continued)

Model variable Unit Notation and [No.] in the model
DIC (Total CO,) mgC/1 (ugC/ml) WTC [10]
Calcium carbonate (CaCO3) mgC/1 (ugC/ml) WCC [11]
Total alkalinity (TALK) (meq/1) peq/ml WAL [12]
pH - WPH [13]
Partial pressure of CO, (pCO5) patm WPS [14]
HCO;™ mgC/1 (ugC/ml) WCY [15]
CO452~ mgC/1 (ugG/ml) WCZ [16]
CO,’; i.e., Sum of CO4,5q and H,CO3 mgC/1 (ugC/ml) WCX [17]

D TEA [mg/1] and N, [mgN/1] in Fig. 3(a) are not treated as model variables.

Table B2
Notation of model variables (benthic system).
Model variable Unit Notation and [No.] in
the model
Suspension feeders ugC/cm? sediment SFB [51]
Deposit feeders ugC/cm? sediment DFB [52]
Fast labile detritus ugC/em?® solid DET; [53,1]
Slow labile detritus ugC/cm3 solid DET, [53,2]
Refractory detritus ng/cm3 solid DET; [53,3]
Labile dissolved organic matter mgC/1 (ugC/ml) DOM; [54,1]
Refractory dissolved organic matter mgC/1 (ugC/ml) DOM,, [54,2]
Ammonium mgN/1 (ugN/ml) HNX [55]
Nitrate mgN/1 (ugN/ml) HNY [56]
Phosphate mgP/1 (ugP/ml) DIP [57]
Reduced substances (ODU; i.e., Fe?", Mn2*, $2) mg/1 (ug /ml) ODU [58]
Dissolved oxygen mg/l (ug/ml) DOO [59]
Benthic algae ugC/cm? sediment BAL [60]
Seagrass ugC/cmz sediment SGS [61]
Seaweed ugC/cm? sediment SWD[62]
Calcium carbonate (CaCO3) ugC/cm? sediment CAC [63]

"D TEA [mg/1] and N, [mgN/1] in Fig. 3(b) are not treated as model variables.

Table B3
General variables and prescribed functions in the model.
General Variables and Prescribed Functions Unit Description
Z cm Water depth or sediment depth
Az cm Thickness of layer
dt h Calculation time step
[0) - Porosity
Py g/cm® Density of sediment
TempW, TempB °C Temperature of sea water and sediment
Io, In UE/m?/s Light intensity on sea surface and sediment surface

Table B4
Ratio and distribution functions (prescribed function or calculated in the model).
Functions Description
Rropsi,1, Rropsi,2, Rropsi,3 Composition ratio (ratio of fast-labile, slow-labile, and refractory/very slow-labile part) of prey of suspension feeders
Rucropsis Rperopsi N/C, P/C ratio of prey of suspension feeders
Rzfecs1> Rzexes1, Rzmors1 Vertical distribution of faces, excretion, and mortality of suspension feeders
Rrobs2,1, Rrops2,2, Rrops2,3, Rrops2,541, Rrops2, 542 Composition ratio (ratio of fast-labile, slow-labile, and refractory/very slow-labile part) of prey of deposit feeders
Rncrops2, Rpcrops2 N/C, P/C ratio of prey of deposit feeders
Ryfees2s Rzfecs2; Rzexcs2s Rzmors2 Vertical distribution of feeding, feces, excretion, and mortality of deposit feeders
Rzpho60s Rzres60, Rzmorso Vertical distribution of photosynthesis, base respiration, and mortality of benthic algae
Rrops2,60 Ratio of benthic algae to prey of deposit feeders
Table B5
Dissociation constant for the carbon dioxide system.
Functions Description Major Source "V
Ko The solubility coefficient of carbon dioxide in seawater 1
K, The first dissociation constant of carbonic acid 1
Ky The second dissociation constant of carbonic acid 1

“U Source: 1. Millero (1995).
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Table B6
Formulation of essential biochemical processes (pelagic system).
: : Formulation . Parameters
Biochemical Processes [min (a, b) = a (a <b), or b (a> b): a(X, ans) = X / (X + ana) ] Unit [refer to Tables D]
[Phytoplankton (PP): 01]
Biochemical net Cpp=Dpppho — Dppexc— DPpres— Dppmor— Dzpgra mgC/l/h
production / consumption — | Dpps] (at sediment-water interface)

""" Photosynthesis S 2 mgC/m~ T
Maximum growth rate Vpho0! = Ciphoot-€XP(Pphoo- TempW) I/h Oiphool, Bphoot
Nutrient limitation Uphoota = Min[g(WNX+WNY, Hfyphoot), g WDP, Hfp phoot)] - Hfo phoot, Hif, phoot
Light availability Uphootv = (Toe ™ Tminor) / ((Toe ™ Tmino1) + (Inor—Tminor) - Thot, Iminot
Light attenuation k: Calculated in model dependent on PP, ZP, WDE; 1/em

Extra-release Dppext = Dpppho-0.135-exp(—0.00201 Rew* PP-10%) mgC/l/h Renl
Respiration Dppres = Creso1* €Xp(Presor* TempW)- PP mgC/I/h OlresO1, Presot
Mortality Dppmor = Amoro1°eXp(Bmoro1- Temp W)- PP mgC/l/h Clmor01, Pmor01
i i PP 1 C/l/h A
Suspel.lswn feeder§ feeding Dppair= 2 . -Dsfbre mg Depq
at sediment-water interface) PP+ZP+ 3 WDE;  Apepq
[Zooplankton (ZP): 02]
Biochemical net Cp=Dzpgra — DzPrec— DzPexc— DZPmor mgC/l/h
pl"OdllCthl’l / consumptlon - [DZpsﬂlqm sediment-water interface)
" Grazing T Dapga= I mgCh T Ogat, Bemis
QLgra02” €XP(Pgrao2: Temp W)+ (1—exp(Aivioz* (Akainz—PP)))- ZP Aivi02, Akai2
Feces Dzptec = (1~ Rege02)'Dzpgra mgC/I/h Regen2
Excretion Dzpese = (Regen2—Rgrt02) Dzpgra mgC/l/h Regeo2, Rz
Mortality DZpmor = Qmor02* €XP(Pmoro2* Temp W) ZP mgC/l/h Otmor02, PBmor02
- . zp 1 A
Suspepsnon feeder; feeding Dzpur= s . Dsfbiee mgC/l/h Depg
(at sediment-water interface) PP+ZP+ 3L WDE;  Apgpq
[Detritus (WDE): 03,i] [i=1 (fast-labile), 2 (slow-labile), 3 (refractory / very slow-labile)]
Biochemical net Cwaei= Rpp,i DpPmor + Rpp,i- Dzprec + Rapi* DZPmor mgC/l/h Rpp.is Rop.i (1=1,2,3)
production / consumption — Dwdeomi — DWdesmii — Dwdeami — Dwdedecs
+ [ Dwdestti + Dwdeste,i | (at sediment-water interface)
"7 Oxic mineralization  Dwdeomyi = mosi-g(WDO, Hfozwam)- WDE(/ G T mgCm Hiowomi
Suboxic mineralization Dwdesmi,i = mos,i *g(WNY, Hfnoswsmi) mgC/l/h Hfo2w,smi, Hfno3w,smi
-(1-g(WDO, Hfo2wsmi)) WDE: /G
Anoxic mineralization Dwdeamii = mo3,i -(1-g(WNY, Hfno3w.ami)) mgC/l/h Hfoow,ami, Hfnosw,ami
-(1-g(WDO, Hfo2wami))- WDE; /G
Mineralization rate M3 = Olmio3,i *eXP(Pmioz.i *TempW) 1/h Olmi03,i, Bmio3,i
(i=123)
G = g(WDO, Hfiowom) - Hfoow.omi,
+g(WNY, Hfwosw,smi) (1-g(WDO, Hfoowsmi)) Hifo2w,smi, Hfnosw,smi,
H(1=g(WNY, Hfaoswami))- (1=g(WDO, Hfozw.ami)) Hfoowami, Hfwosw,ami
Decomposition Dwdedec,i = Raecos,i (Dwdeomii + Dwdesmii + Dwdeami,) mgC/l/h Rueco3,i (1= 1,2,3)
i i WDE; 1
Suspepsnon feeders feeding Dwdes; = i . Dsfbre mgC/l/h Abepg
at sediment-water interface) PP+ZP+ Y1, WDE;  Apepq
z 1 Rzwrees, Rropsi,i
Suspepsnon feeders feces Dwdesei = RowieestReost Dsfbree mgC/l/h 2w, Rropsi
at sediment-water interface) Azpyot (refer to table B4)
(AZy,0 is the thickness of bottom layer of the pelagic system)
[Dissolved organic matter (WDM): 04, j| [j= 1 (labile), 2 (refractory)]
Biochemical net Cuwamj = Rexwor, Dppext + X1 Rponji- Dwdegee; mgC/l/h Rexot, Roowi
production / consumption — Dwdmomij— DWdmgmij— DWdmami; (i=123,j=12)
" Oxic mineralization Dwdmonij = moaj -g(WDO, Hfozwom) WDM; /G T mgCm Hfowom
Suboxic mineralization Dwdmgmi;j = moa,j *g(WNY, Hfno3w,smi) mgC/l/h Hfo2w,smi, Hfno3w,smi
+(1-g(WDO, Hfo2wsmi))- WDM; /G
Anoxic mineralization Dwdmamij = mo4; -(1 — g(WNY, Hfno3w,ami)) mgC/l/h Hfozw,ami, Hfno3w,ami
(1 = g(WDO, Hfozw,ami))- WDM; /G
Mineralization rate Mo4j = Olmiod,j *€XP(Pmiosj TempW) 1/h Otmiod,js Bmioaj G = 1,2)
[NH4-N (WNX): 05]
Biochemical net Cwix= Ruco1' Dppres + Rucor* Dzpexe + DWnXrea mgN/l/h Rucol, Rucos.i,
production / consumption +2L1 Rucos i (Dwdeg i +Dwdegn; i +DwWdeyy;) R,"i‘”l'Jz si—12
+271 Rucoaj (Dwdmgp +Dwdmgy, i +Dwdm, ;) (i=123,j=12)
Rucor Dopoe—— X _ R
nc01* Dpppho WNX+ WNY 'WI Xnit neFODS1
(refer to Table B4)
+ *[ Rucropsi Dsfbexe |at sediment-water interface)
Ay
(Az,,, is the thickness of bottom layer of the pelagic system)
* Nitrification DWhXnit = Guinosexp(Buiws TempW)-g(WDO, Hfozwins) WNX 1 mgNvh amios, Brios, Hfoopios
Nitrate reduction mgN/l/h Raenos

Dwnxrea=(14/12)(4/(8—3-Raenos))* (1— Raenos)
. (Zi}:l Dwdegy;; + Z_,;:l Ddesmi,j)

(continued on next page)
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Table B6 (continued)

: : Formulation . Parameters
Biochemical Processes [min (a, b) =a (a <b), or b (a> b); (X, awa) =X / (X + ) | Unit [refer to Tables D]

[NO3;-N(WNY): 06]
Biochemical net Cuny= DWnXuit = DWnYden'— DWnXrea mgN/l/h Rucol

production / consumption WNY
WNX + WNY

— Ruco1°Dpppho*

De-nitrification Dwnyaen=(14/12)"(4/(8-3Raenos))* Raenos Raenos
(ZLi Dwdegyi +35 Dwdmy;;)

[PO4-P (WDP) : 07]

Biochemical net Cuwap= Rpco1'Dppres + Rpcor* DZpexc mgP/l/h Rocot, Rpeos;i,
production / consumption L1 Rpcos i (DWde i D Wdeg i i FDwde, i) Rpcotj
+3 21 Rpcqa (DWmp - Dwdimy; +Dwelm ;) (i=123,j=12)
= Rpeo1°Dpppho Rperopst
+ ant. [Rperopsi* Dsfbexc] (at sediment-water interface) (refer to Table B4)
(AZy,, is the thickness of bottom layer of the pelagic system)
[ODU (WOU): 08]
Biochemical net Cuou= (32/12)(TL; DWdeypyi + X Dwdm, ;) mg/l/h

production / consumption — DWouaut ~Dwouxi

oxi08” €XP(Boxios TempW)-g(WDO, Hfo2,0xi08)- WOU Oloxios, Poxios, Hfo2,oxios,
+Roxios*(32/12)- (T, Dwde, +Ej2:l Dwdm,mi,j) Roxios
Authigenic mineralization Dwouau = Qautos* eXp(Bautos: Temp W)- WOU + Rautosa* DWwouexi mg/l/h Olaut08, Paut0s,
+Rauosy(32/12)- (X, Dwde,p,; + ijzl Dwdmamu) Raut0sa, Aautosh
[Dissolved oxygen (WDO) : 09]
i i 32 32 32 0/l/h
Blochen}lcal net . Cwdo =—"Dpppho ——='Dppres = =" Dzpexc mete
production / consumption 1322 12 12
- E'(E?ZI Dwde, i + I Dwdmgy;;)
32
- Z-E~Dwnx.m— Dwouosi

32
- A, (- [E'(Dsfbm + Ddfbexc)](at sediment-water interface)
0/
(AZy, is the thickness of bottom layer of the pelagic system)

[DIC (WTC): 10]

Biochemical net Cuwic = = Dppphot Dppres + Dzpres mgC/l/h
production / consumption +Z L1 (Dwdey i +Dwdegp; +Dwdey ;)

+2].1=1 (DWAM g+ DWAM 5 +DWAM, )

+ Dwecais

+ [ ), Y% (Ddetomi+Ddetyy;+Ddet,y;;) dz

Azpoe Zsed
2
+_[de ¥, (Ddomomm+Dd0msmi,j+Ddom,,,,,id~) dz
+ Dsfbexe — Dstbsne + Ddfbexe
+ Dbalyes + Deacdis | at sediment-water interface)

(Az,,,, is the thickness of bottom layer of the pelagic system)

(zsedis the thickness of benthic system)

CaCO:; dissolution Dwecais = (Mdistoc* Reato Maist0a* (1-Reat0))- WCC Realo
Dissolution rate of calcite . pCO,1.0:103 Raistoc
maisioe = Ryjgpe | 1.0-min (l.O, m)
CO;” Saturation Crioe = 90.0-exp (0.16(2/10°-4) ) mmolC/gC
concentration of calcite
Dissolution rate of aragonite . pCO, 101103 I/h Raistoa
maisioa = Rgisp0a°| 1.0 - min (140, m)
COs™ Saturation ) Crica= 120.0-exp (0.15'(2/105-4)) mmolC/gC
concentration of aragonite (Formulation of CaCOj dissolution is based on Broecker and Takahashi, 1978)
SFB shell formation Dsfbshe = Rsm10 (Dsfbree — Dsfbrec — Dstbexc) pgC/em?/h Rsmio

at sediment-water interface)

(continued on next page)
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Biochemical Processes

Formulation Unit
[min (a, b) =a (a<b), orb(a>b); g(X, anar) =X/ (X + anar) |

Parameters
[refer to Tables D]

[CaCO; (WCC): 11]

Biochemical net Cuee == DWCCdis  (* refer to the bottom of Table B6) mgC/l/h
production / consumption
[Alkalinity (WAL): 12]
Biochemical net Cuwar = — DWalppphoos + DWalppphoos — DWalppres meq/lI’h
production / consumption — Dwalzpexe + DwWalwnxnit + DWalwouoxi + DWalwcediss
+ 35 (R‘”"‘"‘"‘Dwde l,+Rf',§;§"‘"'-Dwdesmi_i + Rgf;g’“""-DwdeSmi,i)
+ 3, (ROgomd Dwdm ARG Dwdm L REE-Dwdimyy J)
1
+II— Dwalsmexe + Dwalsmshe ~DwWaldmexe
03,0mii, 03,smii 03,amii,
+f, Tk (R Ddet,  +RI™-Ddet, | +RI: Ddetmi’i) dz
+f T (Rﬂ‘,‘,;"'"d I:udomomm+k2,‘;:“"*~ndomsmiJ+R2;‘,ﬁ‘“‘“~1)domm,,i J) dz
+, . OWali+Dwalygyy ) dz
— Dwalbaiphoos + Dwalbaipnoos
— Dwalbaires + DWalcacdis | (at sediment-water interface)
(Azy,,, is the thickness of bottom layer of the pelagic system)
(zsedis the thickness of benthic system)
_______________________________________________ BTt P CPEPS
Ry ‘:( Ricos,i ; Rpc03, .) 2"231"’2]?;”3“
RO}.sml,l ( X R ) -
nc03,i “ Rypco3i) 43
) 13
Rppm ':( Rico3i- 37 Rpeos, |) <
04, l -
RO omi :( Ricoaj- 31 Rpcos, ,) g.m:)411,21)1pLO4,
R"“ Smi, ( R ) 42
Rico4 31 Rpcos £
Rggédnmf( Rocosj- pcOM) e
(refer to Table 1 for vanable “X7)
. WNX /I/h
PP Photosynthesis — . . B me
- Dwalppphoos R"lJc Dpppho WNX+ WNY 9
(using NH4-N)
i WNY /I/h
PP Photosynthesis - . A\ S me
— otos ¢ Dwalypphoos R",],ll,c Dpppho WNX+ WNY 9
(using NO3-N)
1 1 1 . Rucor, Roe
ROp= (ﬁ Rpcor — ﬁRpCOI)7 Ripe= (ﬁ Rucor +37 RpcOl) et Fpeo!
PP Respiration Dwalppres = Rijh " Dppres meq/l/h
ZP Excretion Dwal;pexe = Ripe'Dzpexc meq/l/h
NH4-N nitrification Dwalyai = i.Dwnx““ meq/l/h
14
ODU oxidation Dwalwows = = - L Dwouon meq/l/h
3 32
CaCO; dissolution Dwalyeed = i-chth meq/l/h
S 12
SFB Excretion Dwalimexe = Rzexest R Dsfbese pegq/cm*/h RZexcs!1 (refer to Table B4)
(at sediment-water interface)
1 1 ) Rucronst. Ruerons
RrFODsI_(L g SR e neFODS1, RpeFoDsi
npe (1 4 ncFODS1 ~ 37 chL)DJl) eforto Tati 51
SFB shell formation Dwalias = = Dsfbus peg/cm’/h
—— stoshe = she
(at sediment-water interface) 12
DFB Excretion Dwalagpexe = Ruxcsz-RE]gDsz'Ddfbcxc peg/cm?*/h Rzexes2 (refer to Table B4)
(at sediment-water interface)
1 1 - R, R 5
RFODiz R _“Row ncFODS2, RpeFoDs2
(14 ncFOD52 31 pLI—f)l)SZ) (cefer to Table B4)
NH4-N nitrification Dwalmi = —‘Dhnx . megq/I/h
- - nxni ni
(at sediment-water interface) 14
ODU oxidation Dwalyguon = B3 1 Doduey meq/l/h
. . 3 32
(at sediment-water interface)
i Rpnoso,55HNX eq/cm?/h Rpho60,55
BA.L photosynthesis DWalsaipnoos = R:gc'Dbalphn~ pho peq pho60,55
(using NH4-N) Rpho60,55 HNX+HNY
(at sediment-water interface)
. HNY eq/cm*/h Rphoso,s3
BA-L photosynthesis Dwalbaiphoos = R'ggc-Dbalp.,..- : peq pho60.55
(using NO3-N) Rphoso,5s HNX+HNY
at sediment-water interface)
1 . 1 1 N Ruceo. R,
Rw (14 Rucso = 37 Rpc60)9 R ﬁ;’f(n Ruceo +37 RpcGO) 760> et
BAL Respiration DWanaires = Rfpe Dbalres peq/cm’/h
at sediment-water interface)
CaCQO:; dissolution Dwaloseds = 2 Deacas peq/cm?/h
- - i is
at sediment-water interface) 12

(continued on next page)
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Table B6 (continued)

Formulation Unit Parameters

Biochemical Processes [min (a, b) =a (a < b), or b (a > b); (X, ) = X / (X + apar) ] [refer to Tables D]

Hydrogen ion concentration pH =-1log10 Cn+ -
Cus+= [H']: hydrogen ion concentration
pH is calculated from the equation representing the relationship between
TALK and Cu- (refer to Dickson et al., 2007). The equation is solved for
Chu+using a Newton-Raphson technique.

[pCO; (WPS): 14]

Gaseous carbon dioxide patm

1

=K {1+ K, /Cpy + K; Ky /(Cipp)? Ko=WCX/ Cys+

Prcoz Kot 1 P2 e } - Ki =Cy+WCY/WCX

Ko =Cy-WCZ/WCY
(refer to Table B5)

[HCOs (WCY): 15]
""" Dissolved bicarbonate T e e T
- K -Cy+WTC

WCY=[HCO3|="T "FH 7 ————————
! 7 (Cu)+KqCht + KKy

[CO:* (WCZ): 16]

Dissolved carbonate mgC/1

O WX Tl L.
: Ppiuiet i
Dissolved carbonic acid WCX = [COx'] = WIC — WCY — WCZ mgC,

"D Shell formation of SFB was considered but that of plankton and deposit feeders in Fig. 3 was set at zero in this study.
"2 Formulation of CaCO5 dissolution is based on Broecker and Takahashi, 1978.
3 pH is calculated from the relationship between TALK and Cy . (refer to Dickson et al., 2007).
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Table B7
Formulation of essential biochemical processes (benthic system).
- Unit
: . Formulation Parameters
Biochemical Processes [min(a, b) = a (a<b), or b (a> b); g(X,ana) = X / (X + anr) | ['em®" represents volume of sum [refer to Tables D]

of solid and liquid phase]

[Suspension feeders (SFB): 51] (excluding hard shell (CaCO3) fraction)
Biochemical net Csm = Dsfbree — Dsfbrec — Dsfbexe — Dsfbumor + Dsfbiar pgC/em?/h

Feeding in(Limgiter, Limgrowth) pgC/em*/h

Filter rate limitation Limfiter = Vfeesi Usees1* (PP + ZP + WDE; + WDE: + WDEj3) pgC/em?h
‘Reoro' SFB
Filter rate Viees1=1.2310 tempB' 2%+ AWyers1 07/ Awasi/ Acast (tempB=10) ml/h/peC AWwetsi, Awdsl, Acdsi
1.2%107-10" AWwersi %7/ Awasi/ Acasi (tempB<10)
Oxygen saturation limitation Ugeest = min(1, dosa/Rozmorsi) - Rozmorst

dosac: Oxygen saturation of bottom water (calculated)

Decreasing by double filtering Reoro = (1—exp(—CORO0)) / CORO -

Double filtering ratio CORO=Vfees1* Usees1* SFB-dt / Apepq - Apepq
Growth rate limitation Limgrowth = (Otgris1H0tbass1) / (Regest (1= Rexes1))* SFB-Fremp pgC/em*h Olgrt51, Olbassl,
Fiemp: function of temperature Regest, Rexest
Feces Dsfbrec = (1—Regesi) - Dsfbree pgC/em*/h Reges
Excretion Dsfbexe = RexestRegest - Dsfbree + ctbassi*SFB ngClem’/h Rexest, Regest, bassi
Mortality Dsfbmor = Vmors1-eXp(Pmors1-tempB)-SFB pgC/em?/h Brmors1
Rate of mortality Vmors1 = Omorsla + Otmors1b° (1 —Ufees1) 1/h OlmorS1a, OlmorS1b
Larva input Dstbiar = Riars1*Dsfbiecay pgC/em?/h Riarst
Dsfbfec.av : spatial and temporal average of feeding(calculated) ngC/em?h
[Deposit feeders (DFB): 52]
Biochemical net Cam = Ddfbrec — Ddfbrec — Ddfbexe = Ddfbmor+ Ddfbiar pgClem?/h
_production /consumption ...
Feeding Ddfbrtee = Olfees2 *eXpP(Prees2 ‘tempB)- Useesza* Uteeszb* Utecs2e' DFB pgC/em*/h Olfees2, Prees2
Food limitation Uees2a = 1—exp(Aiis2: min(0, Axis2—Foodsz)) - Aivis2, Akais2
Foods: : average concentration of food in mud. (calculated)
Cannibalism efficiency uteesob = g(DFB, Hfa fees2) - Hfap,fees2
Oxygen saturation limitation Ufees2e = Min(1, dosat/ Rozmors2) - Rozmors2
Feces Ddfbgec = (1-ursees2)- Ddfbyee pgC/em*/h
Assimilation efficiency Utees2 = 1—Rundgs2* (1 + g(Foodsz, Hffods fees2)) - Rundgs2, Hffods2,fees2
Excretion Ddfbexe = Rexes2* Utees2* Ddfbree pgC/em?/h Rexes2
Mortality Ddfbmor = Vmors2* Umors2' DFB pgC/em*/h
Rate of mortality Vmors2 = Omors2a + Olmors2b” (1~ Ufees2c) 1/h Olmor52a, Olmors2b
Temperature dependency Umors2 = Min(exp(Bmors2*tempB), exp(Pmors2* Atemp.fees2)) - Aemp,fees2, Pmors2
Larva input Ddfbiar = Ruars2* Ddfbyecay pgCl/em?/h Rurs2
Ddfbtec,av : spatial and temporal average of feeding (calculated) ngC/em*h
[Detritus (DET): 53, ] [i = 1 (fast-labile), 2 (slow-labile), 3 (refractory/very slow-labile)]
BiOChen.lical net . Caet,i = L (R zees1* Rropst i Dsfbrec +Rezmorst* Rsrpi Dsfbmor ngClem’/h RSIB"’ Rors,i, Rpati
production / consumption Az (i=123)

+ R ztees2* Rropsz.i' Ddfbrec + Rzmors2* Rors.i- Ddfbmor Rotees1, Rzmorst, Rzmors2

Rzfecs2, Rafees2, Rzmor6o
— Rzees2* Rropszi- Ddfbiec + Rzmorso- ReLi* Dbalmor) e elbens, Thamor
(refer to table B4)
— Ddetomi,i— Ddetsmii— Ddetamii— Ddetacc,i
Rropst,i, Rrops2,i
(1=1,2,3) (refer to table B4)

Oxic mineralization Ddetomi;i = ms3,i -g(DOO, Hfo2p,0mi) DETi/ G- (1—¢) pgC/em’/h Hfoob.omi

(Azy, is the thickness of any layer of the benthic system)

Suboxic mineralization Ddetsmii = ms3,i-g(HNY, Hfnozbsmi): (1-g(DOO, Hfozpsmi)) DETi /G- (1—¢p) pgC/em’/h Hfozb.smi, Hfnosb,smi
Anoxic mineralization Ddetamii = ms3.i -(1-g(HNY, Hfno3bami)): (1-g(DOO, Hfs2b.ami))- DETi /G- (1—¢) pgC/em’/h Hfo2.ami, Hfvo3b ami
Mineralization rate Ms3,i = Olmis.i *€XP(Pmis3.i “tempB) 1/h Olmis3,iy Bmis3.i (1=1,2,3)
G = g(DOO, Hfozp.omi) - Hfoob omi,

+ g(HNY, Hfqo3b,5mi) (1=g(DOO, Hfoob smi))
+ (1=g(HNY, Hfhosb,ami))* (1-g(DOO, Hfo2n,ami))
Decomnosition Ddetdec,i = Rdecss,i *(Ddetomii + Ddetsmii+ Ddetami;i) pgC/em’/h

Hfo2b.smi, Hfno3b.smi,
Hfo2.ami, Hfvo3bami
Raeessi (1= 1,2,3)

[Dissolved organic matter (DOM): 54, j| [j= 1 (labile), 2 (refractory)]

i i : 1 C/cm’/h
Blochen.llcal net . Caom,j= —Rexteo,- Dbalex + X3 Rpomji-Ddetgec; pgtiem
production / consumption Azi)l

— —Rzfees2 Rrons2.54j Ddfbgee
Az
1
+ ——Rzecs2* Rrops2.54j Ddfbsec
Az
— Ddomomi,j— Ddomsmij— Ddomami;
(Azy, is the thickness of any layer of the benthic system)
77 Oxic mineralization Ddomou; = msi; -g(DOO, Hignon) DOM; 77777 pgClemh
G (@+p Kaassaj (1-))
Suboxic mineralization Ddomymij = msq; ‘g(HNY, Hfunospsmi) - (1-g(DOO, Hfozpsmi)- DOM; pgClem’/h
/G (@+p, Kasssaj (1-@))
Anoxic mineralization Ddomamij = ms4j - (1-g(HNY, Hfnospami))- (1-g(DOO, Hfo2p,ami))- DOM; pgC/em’/h
G (@t Kaassa,j (1-9@))
Mineralization rate Ms4j = Ctmisa,j “€Xp(Bmissj- TempB) 1/h

Rexio0.j, Rpowm,ji
(i=123,j=12)

Rzfecs2, Rufees2

(refer to table B4)

Rrops2,s4
(G=1,2) (refer to table B4)

Hfo2b,0mi, Kadssa
(G=12)

Hfoo,smi, Hfno3b,smi,
Kadssaj (j =1,2)
Hfo2b,ami, Hfro3b,amis
Kagssaj G = 1,2)
Olmis4,j,Pmisa,j (j = 1,2)

(continued on next page)



A. Sohma et al. Ecological Modelling 384 (2018) 261-289

Table B7 (continued)

. Unit
Biochemical Processes Formulation - Parameters
[min(a, b) = a (a<b), or b (a>b); g(X, an) = X/ (X + anar) | ['em” represents volume of sum [refer to Tables D]
of solid and liquid phase]

[NH4-N (HNX): 55]
Biochemical net Com = 1 “RucgoDbalres + Dhitxrea pgN/em’/h Ruc60, Ruco3.iy Ruco4.jy
production / consumption Az Rphoso.ss

+ 2 Rucosi(Ddety i +Ddet g +Ddet, i) (i=123,j=12)

+ 321 Rycoaj* (Ddomgy; j+Ddomgy; i +Ddom, i ;

]11 oy ( o Rohoso ;:':lll-‘lJNX ami) Rzexcs2, Rucrops2
- — 'RncﬁD'Dbalphn'# — Dhnxni¢ (tefer to Table B4)
Az, Rihogo,ss HNX+HNY

1
+ —Rzexes2* Rucrons2* Ddfbexc
Az

(Azy, is the thickness of any layer of the benthic system)

Nitrification Dhnxuit = Otuitss* eXp(Biess TempB)-g(DOO,Hf o nitss) HNX - (@+p - Kaasss (1-@)) pgN/em’/h Onit55, Paitss, Hfo2, nitss,
Kadsss
. . 3
Nitrate reduction Dhnxre=(14/12)- (4/(8=3-Raenss))- (1~ Racnse)- (T3 Dedetyyy; + 24 Ddom,y; ;) ngN/em’/h Raenss

[NO5-N (HNY): 56]

Biochemical net
production / consumption

HNY pgN/em’/h Ruce0, Rphoso, 55

. 1
Chny = Dhnxsit = Dhnyden— Dhnxrea = — *Ruc6o *Dbalpne ———————————
hiny Xnit Yden Xred Ao ne60 pho Rpnosnss ANXHHNY

(Azy, is the thickness of any layer of the benthic system)

De-nitrification Dhnyaen= (14/12)-(4/(8-3"Raenss)) Raenss* (L iy Ddetyyi; + 37 Ddomyy;;) pgN/em’/h Raenss

[PO4-P (DIP): 57

Biochemical net
production / consumption

. 1 P/cm’/h Rpes0, R peos.i, Rpe
jp= —— - . ng pe60, R peosi, R peodj

Caip o Rypeso* Dbalres Py L

+33 Rpc()l,i'(DdetumLi+Ddetsmi,i+Ddetami,i) R R

+ 271 Rpcosj(Ddomgy +Ddomg,, ;+Ddom, ;) Zexes2, Rpcrons2

1 1 (refer to Table B4)

- Ay *Rpeso Dbalpho + Azb_] Rzexes2* Rperopsz* Ddfbexe

(Azy, is the thickness of any layer of the benthic system)

[ODU (ODU): 58]

Biochemical net Comn = (32/12) (T, Ddetp; + Ejz:l Ddomaij) — Doduau — Dodu,y pg/em’/h
_production/consumption ..
Oxidation Doduoxi= Oloxiss* eXp(Poxiss tempB)-g(DOO, Hfy2,0xis8): ODU- @ pg/em’/h OCloxiss, Poxisss Hio.oxiss,
+ Roxisy*(32/12)- (T3, Ddet, i+ X7, Ddom,,;;) Roxiss
Authigenic mineralization Doduau= Qautss*exp(Bautss tempB)-ODU @ +Raussa- Doduoxi pg/em*/h Clautss, Pautss,
+ Raussp*(32/12) (3| Ddet, i + X7, Ddom, ;) Ruutssa, Rautssh

[Dissolved oxygen (DOO): 59]

i i . 1 32 1 32
Bloc}len.“cal net . Caoo = — "Rzphoso 7' Dbalphe = — ‘Rzresco 2" Dbalres
production / consumption Az, 12 Azyy 12

32 32
- ﬁ-(zgz, Ddet i + X7, Ddomg,,;;) — 2+, Dhnxai Doduoy

(Azy, is the thickness of any layer of the benthic system)

pg/em’/h Rzphoso, Rzreseo
(refer to Table B4)

[Benthic algae (BAL): 60]

Biochemical net Char = Dbal,yy,-Dbaly-Dbal,e;-Dbaly,, — Rropsze Ddfbree pgClem?/h RFODS2,60 (refer to Table B4)
_preduction /consumption ...
Photosynthesis Dbalpho = Vpho6o* Uphos0a* Upho6ob” BAL-Rzpnoso pngC/em*h Rzpho60 (refer to Table B4)
Maximum growth rate Vphot0 = Olpho60° €XP(Pphoso: TempB) 1/h Olpho60, Ppho6o
Nutrient limitation Uphosoa= min [ g(HNX+HNY, Hf phoso), g(DIP, Hf; phoso) ] - Hifn, phoso, Hip, phoso
Light ilabilit 1 (ztAz, 1 1 ; - Topiso, ki
15t avariablity Upho60b= —fz B e*oZexp <1——R e’kb‘) dz opiet. %
Az, 72 Topt6o Topteo
Extra-release Dbalext = Rext6o° Dbalpho pgC/em*h Rexteo
Respiration Dbalres = Rres6oa* eXp(Bphoso TempB)-g(DOO, Hfy2,res60) BAL* Rzresso pgC/em*/h Rues60a, Pphocos
~Rvesstn Dbalgno Hfo2, res60, Reesob
Rzres60 (refer to Table B4)
Mortality Dbalmor = Vmor6o°BAL* Rzmorso ngC/ em?/h R2Zmor60 (refer to Table B4)
Rate of mortality Vimor60 = Cmor60° €XP(Pmorso: TempB) 1/h Olmor60, PBmor60
(Az, is the thickness of photic benthic layer)
[CaCO3(CAC): 63]
Biochemical net Ceae = Dstbsne — Deacais pgCl/em?/h
_preduction/consumption ...
CaCO; dissolution Dcacdis = (Mais63c’ Rea63t Maise3a (1-Rea3) ) (1-@,y )  CAC pgC/em*/h Reaz-Realo
(9, is vertical average of porosity ¢) (refer to Tables B6 and D3)
Dissolution rate of calcite . pCO,"1.0:10° 1/h Raise3e=Rais10c
Mmdisese = Ryiggser | 1.0-min ( 1.0, 1025-120Ceg, (refer to Tables B6 and D3)
02512.0Crga.

CO5* Saturation Crose= 90.0-exp (0.16:(/10°-4) ) mmolC/gC
concentration of calcite

Dissolution rate of B 1.0 - mi (1 o, 0,10 10} ) 1/h Rayiseza-Rais1on
aragonite Maise3a = Riseza | 1.0 - min | 1.0, L025120Crggg (refer to Tables B6 and D3)
CO;* Saturation Cren= 120.0-exp (0A15~(z/105- 4)) mmolC/gC
concentration of aragonite (Formulation of CaCOj dissolution is based on Broecker and Takahashi, 1978)

Shell formation of SFB Dsfbshe  (Refer to Table B6) pgC/em?/h

" Model variables of DIC and total alkalinity in the benthic system are omitted and the production/consumption of DIC and total alkalinity in the benthic system are
counted at the bottom layer in the pelagic system.
"2 Shell formation of SFB was considered but that of plankton and deposit feeders in Fig. 3 was set at zero in this study.
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Appendix C. Formulations of air-sea CO, gas exchange

The air-sea CO, gas exchange is described as being proportional to the differences between pCO, in the air and the sea surface:

Fi, = [ Feo,ds = [ E (PCO, — PCOy ) ds
s s (C1)

where F(§, is the net-flux of CO, between the air and sea systems, pCO2.r is the partial pressure of CO, in the air, and pCO2.a is the partial pressure of
CO, at the sea surface. The proportionality variable E is the CO, exchange coefficient and is expressed as a function of seasonal variation (Table C1).

Table C1
Values of parameters related to the exchange of CO, across the air-sea interface.

1

Name Unit Value Description Major Source *
[air-sea CO, gas exchange]
E molm ™2y~ ! patm ! 0.064 CO, exchange coefficient (annual average value is indicated here) 1

“U Source: 1. Sorai and Ohsumi (2005).

Appendix D. Values of biochemical parameters

The values of biochemical parameters are listed in Tables D1-D3. First, the parameters, either analyzed or calculated based on observations in
Tokyo Bay, were set within the known ranges in the region of consideration (indicated as “OD” at item “Source” in Tables D1-D3). Next, the
parameters whose values were estimated from the data in other coastal areas were set and indicated as “OE” at item “Source.” Finally, the values of
unknown parameters were set to fine-tune the simulation.

Table D1

Values of major biochemical parameters in the pelagic system (refer to Tables B).

b

Name Unit Value Description Major Source "
[Phytoplankton : 01]

Qphoot, B phoot 1/h, 1/°C 0.0625, 0.0693 Maximum growth rate 1,2, Qo =2
Hf, phoot mgN/1 0.1 Half saturation constant for nitrogen limitation 3

Hf}, phoot mgP/1 0.05 Half saturation constant for phosphorus limitation 4

Imino1 UE/m?/s 7.1 Minimum light intensity for photosynthesis 5

Thio1 uE/m?/s 56.5 Half saturation constant for light 5

Remt gChl-a/gC 0.0333 Chl-a:C ratio 6

Olreso1s Preso1 1/h, 1/°C 0.00125, 0.0693 Rate of respiration 7, Qo =2
Olmoro1s Bmorol 1/h, 1/°C 0.00042, 0.0693 Rate of mortality Tu, Qo =2
Ruco1 gN/gC 0.2094 Ratio of nitrogen to carbon 8

Rpeot gP/gC 0.0338 Ratio of phosphate to carbon 8

Rpp,1, Rep 2, Rep 3 - 0.85, 0.10, 0.05 Composition ratio (ratio of fast-labile, slow-labile and refractory / very slow-labile part) Tu

Rexto1,1, Rexto1,2 - 0.2, 0.8 Ratio of labile and refractory DOM to extra-release Tu
[Zooplankton : 02]

Ograo2, Bgraoz 1/h, 1/°C 0.0150, 0.0693 Maximum ratio 9, Q=2
Aivio2 1/mgC 6.3 Ivlev’s constant 10, 11
Avaioz ugC/cm?® 0.1 Feeding threshold Tu

Regeo2 - 0.7 Assimilation efficiency 12,13
Rgrioz - 0.3 Growth efficiency 11

Qmor02s Bmoro2 1/h 0.0021, 0.0693 Rate of mortality Tu

Rzp,1, Rzp,2, Rzp3 - 0.80, 0.15, 0.05 Composition ratio (ratio of fast-labile, slow-labile and refractory/very slow-labile part) Tu

[Detritus, Dissolved organic matter : 03, i(i = 1,2,3), 04, j(j = 1,2)]

Omio3,15 Bmio3,1 1/h, 1/°C 5.0 x 10™%, 0.0693 Mineralization rate of fast-labile detritus 14,15,16,17,
Omi03,2s Pmios,2 1/h, 1/°C 5.0 x 1075, 0.0693 Mineralization rate of slow-labile detritus Q=2
Omi03,3 Pmio3,3 1/h, 1/°C 5.0 x 1077, 0.0693 Mineralization rate of refractory/very slow-labile detritus

Omio4,15 Bmio4,1 1/h, 1/°C 1.0 x 1072, 0.0693 Mineralization rate of fast-labile DOM 17, 18,
Omio4,2s Pmioa,2 1/h, 1/°C 0.0, 0.0693 Mineralization rate of refractory DOM 10 =2
Hfow,omi mg0,/1 0.096 Half saturation constant for O, limitation in oxic mineralization 19

Hfoow,smi mgO0y/1 0.32 Half saturation constant for O, inhibition in suboxic mineralization 19
Hf03w,smi mgN/1 1.86 Half saturation constant for NO3 limitation in suboxic mineralization 19(OE)
Hfow,ami mg0,/1 0.16 Half saturation constant for O, inhibition in anoxic mineralization 19

Hf 03w ami mgN/1 0.50 Half saturation constant for NO3 inhibition in anoxic mineralization 19(0OE)
Raecos,1 - 0.25 Ratio of decomposition to mineralization (fast-labile detritus) 15

Reco3,2 - 0.25 Ratio of decomposition to mineralization (slow-labile detritus) 15

Reco3,3 - 0.25 Ratio of decomposition to mineralization (refractory/very slow-labile detritus) 15

Rncos,1 gN/gC 0.2235 Ratio of nitrogen to carbon (fast-labile detritus) 20(0D),8(0E)
Rncos,2 gN/gC 0.1570 Ratio of nitrogen to carbon (slow-labile detritus)

Rnco3,3 gN/gC 0.0739 Ratio of nitrogen to carbon (refractory/very slow-labile detritus)

Rncos,1 gN/gC 0.2401 Ratio of nitrogen to carbon (labile DOM)

Ricos,2 gN/gC 0.0739 Ratio of nitrogen to carbon (refractory DOM)
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Table D1 (continued)

Name Unit Value Description Major Source "
Rpeo3,1 gP/gC 0.0362 Ratio of phosphate to carbon (fast-labile detritus) 20(0D),8(0OE)
Rpcos,2 gP/gC 0.0210 Ratio of phosphate to carbon (slow-labile detritus)

Rpeo3,3 gP/gC 0.0020 Ratio of phosphate to carbon (refractory/very slow-labile detritus)

Rpco4,1 gP/gC 0.0400 Ratio of phosphate to carbon (labile DOM)

Rpeos,2 gP/gC 0.0020 Ratio of phosphate to carbon (refractory DOM)

Rpom,11, Rpom,21 - 0.9, 0.1 Ratio of labile and refractory DOM to decomposition (fast-labile detritus) Tu

Rpom,12, Rpom,22 - 0.5, 0.5 Ratio of labile and refractory DOM to decomposition (slow-labile detritus) Tu

Rpom,13, Rpom,23 - 0.0, 1.0 Ratio of labile and refractory DOM to decomposition (refractory /very slow-labile detritus) Tu

[NH4-N, NO5-N : 05, 06]

Onitoss Pnitos 1/h, 1/°C 0.001, 0.0693 Rate of nitrification 21 (OE),Qi0 =2
Hfo nitos mgO0y/1 0.032 Half saturation constant for O, limitation in nitrification 22(0OE)

Ryenos - 0.75 Denitrification ratio to suboxic mineralization Tu

[ODU : 08]

Qloxioss Boxios 1/h, 1/°C 1.0, 0.0693 Rate of ODU oxidation 19(0E),Q.0 = 2
Hf,2,0xi08 mg0,/1 0.032 Half saturation constant for O, limitation in ODU oxidation 19

Roxios - 0.0 Ratio of ODU oxidation to anoxic mineralization Tu

Oautos, Bautos 1/h, 1/°C 0.0, 0.0 Rate of authigenic mineralization Tu

Rautosa - 0.0 Ratio of authigenic mineralization to ODU oxidation Tu

Rautosb - 0.0 Ratio of authigenic mineralization to ODU production Tu

"D gource : 1. Macedo et al. (2001); 2. Horiguchi (2001); 3. Epply et al.(1969); 4. Fuhs et al.(1972); 5. Nishikawa et al. (2002); 6.Strickland (1965); 7. Jorgensen et al.
(1991); 8. Jorgensen (1979); 9. Baretta and Ruardij (1988); 10. Zillioux (1970); 11. Suschenya (1970); 12. Marshall and Orr (1955a); 13. Marshall and Orr (1955b);
14. Matsunaga (1981); 15. Ishikawa and Nishimura (1983); 16. Ogura (1972); 17. Emerson and Hedges (1988); 18. Ogura (1975); 19. Soetaert et al. (1996); 20.
National Institute for Land and Infrastructure Management, 2006; 21. Jorgensen and Bendoricchio (2001); 22. Oguz (2002) Tu. Tuning. (OD: Observed data in Tokyo
Bay; OE. Order estimated value referred to the literature.).

"2 Some of the values from these sources were not used directly but were used after analysis to convert the format of the model parameters.

Table D2
Values of major biochemical parameters in the benthic system (refer to Tables B).

Name Unit Value Description Major Source "

[Suspension feeders : 51]

AWyers1 gw/ind 0.436 Basal weight 1,2 (0D), 3
Awgs; gd/gw 0.05 Dry weight : wet weight ratio 1(OD)
Acas1 gC/gd 0.328 Carbon : dry weight ratio 3

Apepq cm 100 Double filtering effective depth Tu
Ro2mors1 - 0.15 Oxygen saturation occurring suspension feeder’s mortality from oxygen deficiency 4,5 (OE)
Ogris1 1/h 0.002208 Efficient growth rate 6

Olpass1 1/h 0.0001256 Basal metabolism 7

Regest - 0.6 Digestivity efficiency 8,9
Rexcs1 - 0.9 Activity metabolism 7

Bmors1 1/°C 0.0693 Temperature dependency of mortality Q=2
Omors1a 1/h 0.00017 Natural mortality rate at 0°C Tu
Qmor51b 1/h 0.017 Rate of mortality from oxygen deficiency Tu
Riars1 - 0.01 Ratio of larva input to feeding 10
Rsra,1, Rsrs,2, Rsr 3 - 0.98, 0.01, 0.01 Composition ratio (ratio of fast-labile, slow-labile and refractory/very slow-labile part) Tu
Rzwfecs1 - 0.5 Ratio of feces to pelagic system Tu
[Deposit feeders : 52]

Olfees2s Prees2 1/h, 1/°C 0.0058, 0.0693 Maximum ratio 11(0E),Q10 = 2
Atemp, fees2 °C 10 Maximum saturation temperature about eating 12
Aivisa cms/ugC 0.005 Ivlev’s constant Tu
Avais2 ugC/cm?® 200 Feeding threshold 7(0E)
Hf b, fees2 ugC/cm2 150 Half saturation constant for cannibalism efficiency 7(0E)
Ro2mors2 - 0.1 DO saturation occurring deposit feeders’ mortality from oxygen deficiency Tu
Hffods2,fees2 ugC/cm? 2500.0 Half saturation constant for digestive efficiency 7(OE)
Rundgs2 - 0.4 Minimum undigestive efficiency 13
Rexes2 - 0.61 Ratio of excretion to assimilated food 7(OE)
Bumors2 1/°C 0.0693 Temperature dependency of mortality Q=2
Olmors2a 1/h 0.00025 Natural mortality rate at 0 °C Tu
Qmors2b 1/h 0.0025 Rate of mortality from oxygen deficiency Tu
Riars2 - 0.01 Ratio of larva input to feeding 10
Rors,1, Roes,2, Rors,s - 0.55, 0.40, 0.05 Composition ratio (ratio of fast-labile, slow-labile and refractory/very slow-labile part) Tu
[Detritus, Dissolved organic matter : 53, i(i = 1,2,3), 54, j(j = 1,2)]

Hfoob,0mi mgO,/1 0.001 Half saturation constant for O, limitation in oxic mineralization Tu
Hfoop,smi mgO0,/1 1.00 Half saturation constant for O, inhibition in suboxic mineralization 14(0OE)
Hfo2b,ami mgO0,/1 0.03 Half saturation constant for O, inhibition in anoxic mineralization Tu
Hf03b,5mi mgN/1 0.16 Half saturation constant for NO3 limitation in suboxic mineralization at oxic layer 14(OE)
Hfo3b,ami mgN/1 0.32 Half saturation constant for NO3 inhibition in anoxic mineralization at oxic layer 14(OE)
Qmis3,15 Pmis3,1 1/h, 1/°C 5.0 x 1074, 0.0693 Maximum mineralizatoin rate of fast labile detritus 15,16,17,18, Q10 = 2
Qmis3,2, Pmiss,2 1/h, 1/°C 5.0 x 107>, 0.0693 Maximum mineralization rate of slow labile detritus

Omis3,3> Pmis3,3 1/h, 1/°C 5.0 x 1077, 0.0693 Maximum mineralization rate of refractory/very slow labile detritus

(continued on next page)
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Table D2 (continued)

Ecological Modelling 384 (2018) 261-289

1)

Name Unit Value Description Major Source "
Omisa,15 Bmisa,1 1/h, 1/°C 1.0 x 1073, 0.0693 Maximum mineralization rate of labile DOM 18,19, Q10 =2
Omisa,2, Pmisa,2 1/h, 1/°C 0, 0.0693 Maximum mineralization rate of refractory DOM

Recss - 0.1 Ratio decomposition to mineralization (fast-labile detritus) Tu

Raecss,2 - 0.25 Ratio decomposition to mineralization (slow-labile detritus) 20

Raecs3,3 - 0.25 Ratio decomposition to mineralization (refractory/very slow-labile detritus) 20

Kadss4,1> Kadssa,2 ml/g 25.03, 0.69 Adsorption coefficient for labile DOM and refractory DOM Tu

[NH4-N, NO3-N : 55,56]

Ohitss, Bnitss 1/h, 1/°C 0.3, 0.0693 Rate of nitrification 14(OE), Q0 =2
Hfo2 nitss mgO,/1 0.032 Half saturation constant for O, limitation in nitrification 14

Ryense - 0.75 Denitrification ratio to suboxic mineralization Tu

Kadsss ml/g 1.58 Adsorption coefficient 21

[ODU : 58]

Qloxisss Boxiss 1/h, 1/°C 5, 0.0693 Rate of oxidation 14(0E),Qi0 = 2
Hf 2 0xis8 mgO0,/1 0.032 Half saturation constant for O, limitation in oxidation 14

Roxiss - 0.0 Ratio of ODU oxidation to anoxic mineralization Tu

Qautsss Bautss 1/h, 1/°C 0.0, 0.0 Rate of authigenic mineralization Tu

Rautssa - 0.0 Ratio of authigenic mineralization to ODU oxidation Tu

Rautssb - 0.0 Ratio of authigenic mineralization to ODU production Tu

[Benthic algae : 60]

Qphos0s Bphoso 1/h, 1/°C 0.045, 0.0693 Maximum growth rate 7, 22(OE), Q10 = 2
Hf, phoso mgN/1 0.018 Half saturation constant for nitrogen limitation 23

Hf,, phoso mgP/1 0.001 Half saturation constant for phosphorus limitation 24

Hf,2 res60 mg/1 0.03 Half saturation constant for oxygen limitation to respiration Tu

Toptso UE/m?/sec 30 Half saturation constant for light limitation 25

ky, 1/cm 59.0 Light attenuation coefficient in sediment 26(OE)
Rphos0,55 - 10 Ammonium intake ratio coefficient Tu

Rexts0 - 0.122 Ratio of extra-release to photosynthesis Tu

Rress0a - 0.0002 Ratio of rest respiration rate to maximum growth rate 7

Rress0b - 0.1 Ratio of activity respiration to photosynthesis 7(OE)

Omor60s Pmoreo 1/h, 1/°C 0.00019, 0.0693 Rate of natural mortality 7

Ruceo gN/gC 0.2148 Ratio of nitrogen to carbon 24

Rpes0 gP/gC 0.0342 Ratio of phosphate to carbon 24

Rpar,1, Rpar,2, Rears - 0.900, 0.075, 0.025 Composition ratio (ratio of fast-labile, slow-labile and refractory/very slow-labile part) Tu

Rext60,1> Rext60,2 - 0.1, 09 Ratio of labile and refractory DOM to extra-release Tu

U Source : 1. Kuwae(2001); 2. Kuwae et al.(2005); 3. Japan Environmental Management Association for Industry (1998); 4. Kurashige(1942); 5. Kakino (1982); 6.
Isono et al.(1998); 7. Barreta and Ruardij (1988); 8. Yamamuro and Koike (1993); 9. Hiwatari et al. (2002); 10.Conover (1978); 11. Cammen (1980); 12.Kremer and
Nixon (1978), 13. Valiela (1984); 14. Soetaert et al. (1996); 15. Matsunaga (1981); 16. Ishikawa and Nishimura (1983); 17. Ogura (1972); 18. Emerson and Hedges
(1988); 19. Ogura (1975); 20. Ishikawa et al. (1983); 21. Rosenfeld (1979) 22. Admiraal et al. (1982); 23. Epply et al. (1969); 24. Jorgensen (1979); 25. Hiroshima
Environment and Health Association (2002);26. Kamio et al. (2004); Tu. Tuning. (OD: Observed data in Tokyo Bay; OE: Order estimated value referred to the
literature).

"® Some of the values from these sources were not used directly but were used after analysis to convert the format of the model parameters.

Table D3
Values of major biochemical parameters in the carbon dioxicide system (refer to Tables B).

Name Unit Value Description Major Source "V

[DIC (WTC):10]

Ruais1oc 1/h 0.048 Calcite dissolution rate Tu
Ryis10a 1/h 0.144 Aragonite dissolution rate Tu
Reato - 0.7 Ratio of calcite to CaCO5 Tu
Rsmwio - 1.7 Ratio of CaCO; to organic cell Tu

(Suspension feeders)

"D Tu. Tuning.

Appendix E. Reproducibility of model outputs for the carbon-nutrients-oxygen cycling system and food-web system

The sample of the model outputs and the observed data related to the seasonal variations in phytoplankton, detritus, DOC, nutrients, deposit
feeders, suspension feeders, and dissolved oxygen in the pelagic and benthic systems are shown in Figs. E1 and E2. The reproducibility of model
outputs related to the carbon-nutrients-oxygen cycling system and food-web system (Figs. E1 and E2) is almost identical to that given in Sohma et al.
(2008), even though the carbonate chemistry system is incorporated in the model.
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Fig. E1. Seasonal variations in the pelagic system, i.e., phytoplankton, TOC, DOC, NH4-N, NO3, PO4-P, and dissolved oxygen at zones (i, j) = (5, 5) and (5, 7),
comparison between the observed data (dots) and model outputs (lines).
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Fig. E2. Seasonal variations in the benthic system, i.e., PO4-P, DOM, NH,4-N, NO3-N, and dissolved oxygen at zones (i, j) = (6, 4) and (7, 5), comparisons between the

observed data (dots) and model outputs (lines).
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Appendix F. Summary of the hydrodynamic model

Ecological Modelling 384 (2018) 261-289

The hydrodynamic model simulates the three-dimensional physical field in the pelagic system of the estuary and demonstrates the long-term
variability of the flow field, salt, and heat transport. The target area of the model is an estuary, i.e., a mesoscale (1 ~100 km), semi-closed coastal
zone where the sea water is exchanged with the external ocean and is diluted by the inflow of freshwater from rivers. The model equations and
algorithms of the hydrodynamic model are well described by (Nakata et al., 1983a,b). The model includes tidal forcing, surface winds, and local
density gradients with realistic coastal topography and bathymetry described by computational grids/mesh. Under hydrostatic and Boussinesq
approximations on a rotating Cartesian coordinate system, the model employs the equations of fluid motion, flow continuity, and conservation of
heat and salt to determine the local distribution of model variables, i.e., mean velocity components, surface displacement, temperature, and salinity.

The model equations of motion refer to a Cartesian coordinate system (Fig. F1) and are as follows:

(1) The equation of fluid motion in the x-direction

ou ou du Jdu 10P 5} du 0 du d du
—=—Uu——Vv——w— + firv——— + — [Ny |+ | Ny— | + —[N—
ot ”ax vay Waz Jov p Ox ax( 6x) ay( yay) 62( Zaz)

(2) The equation of fluid motion in the y-direction

LA wg—v—ﬁ)-u LoP 0 (N a")+ ° (N a")+ o (Nzg—")
Z Z

ot ox ay_ _E@ ax\ “ox 5 y@ &

(3) The equation of hydrostatic pressure approximation
T =0
p oz 8
(4) The equation of flow continuity
ou odv Jw

—+—+—=
ox 9y 0z
(5) The equation of conservation of heat
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Fig. F1. Hydrodynamic model coordinates (upper) and multi-level layers in the vertical direction (lower).
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(6) The equation of conservation of salt

as BS aS as 5] as o) as o) as

2w 2w+ S| |+ = |+ K=

ot ox dy 9z Ox ox dy dy 0z 0z (F.6)
(7) The equation of state

p=p(ST) (F.7)

Where, t = time [s]; (x, y, 2) = the Cartesian coordinate system with x and y measured in the horizontal plane of the undisturbed sea and z being the
distance above that surface (henceforth, that surface is referred to as the mean sea level) [cm]; (1, v, w) = the velocities of the x, y, and z directions
[em's~']; f, = Coriolis parameter [s™']; p = density of sea water [grem™]; P = pressure [grem ™ “s2]; g = acceleration of the earth’s gravity
[980-cm's?]; H = the depth from the mean sea level to the bottom [cm]; T = the temperature of sea water [°C]; S = salinity[%.]; and (N,, N, N,)
and (K,, K,, K;) are eddy coefficients of viscosity and diffusion [em?s™1].

The assumptions implied in Egs. (F.1) to (F.7) are as follow:

® (i) Eq. (F.4) assumes incompressible flow.
® (ii) Eq. (F.3) is the usual hydrostatic approximation involving the neglect of vertical acceleration.
e (iii) For the equation of state (F.7), Knudsen’s expression is adopted. That is:

I

p= 1000

g = ), +(0 + 0.1324)-{1—-A; + B,(5,—0.1324)}
0o = —0.069 + 1.4708-S—0.00157S2 + 0.0000398S>

Y - _(T—-3.98)* T + 2830
‘ 503.57 T + 67.26

A, = T(4.7867—0.098185T + 0.0010843T2) x 1073

B, = T(18.03—0.8164T + 0.01667T?) X 10~° (F.8)
® (iv) The Coriolis parameter is constant (f-plane approximation).

From the vertical integration of Eq. (F.3), the following equation is obtained:

¢
P=PF+ g‘/z' pdz (F.9)

Therefore, the terms of pressure gradient in Egs. (F.1) and (F.2) are transformed as follows:
_1op_ % g ff % 4L
p Ox Bx I p Ox (F.10)
L ey, L0
p 0y ay P p Oy (F.11)

where P, = atmospheric pressure [g~cm’1~s'2] and ¢ = tidal level from the mean sea level [cm].
From Egs. (F.1),(F.4), and (F.10), Eq. (F.1) can be transformed into flux form as follow:

ou , & g {ép 19 3 ( 5u) 9 ou d ( au)
= ——W)——u)—— + fyv— S N+ N N

o (u ) (uv) (uw) Jov g f p ox ox Ox dy 7 dy az\' “ oz (F.12)
In the same way as the x-axis, for the y-axis, Eq. (F.2) is transformed as follows:

v ) o g ptop 10P, 0 ( Bv) d dv 9 ( av)

= = (w)—— ()= g2 [T g =0 (N |+ =[N+ ==

a (uv) (v) (VW) Jo-u 6y pf dy ¢ pdy Ox ox ay\ Yoy az\ “dz (F.13)
In addition, from Egs. (F.4),(F.5), and (F.6), the equations of conservation of heat and salt are transformed as follows:

aT 5] oT ) oT ) oT

7:_7 T—— T—— D+ K|+ K |+ | ke

ot D)5, 0T =5, D) ( ax) By( yay) 51( Zaz) (F.14)

as 9 3 0 3 N 0 N 0 N

2 = L (uS)——S)——WS) + — | Ke— | + —[K, = | + —| K, —~

ar = Tax U5, 95,9 6x( ax) ay( ydy) az( Zaz) (F.15)

Also, the dynamic boundary condition D { /Dt = 0 at surface (z = ¢{), which means that water does not pass through the sea surface, and the
dynamic boundary condition DH,, /Dt = 0 at sea bottom (z = -H,), which means that no water passes through the sea bottom are satisfied. By using
these boundary conditions, the following equation describing the dynamics of the surface level can be obtained:

& ot N afpe
o ox ([H “dz) 3y (f—H de) (F.16)

These seven Egs. (F.4),(F.8), (F.12), (F.13), (F.14), (F.15), and (F.16) are the model equations of the hydrodynamic model. The model is
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calculated by the finite volume method (FVM) and by the explicit leap frog computational scheme, whose algorithm conserves the mass of model
compartments (temperature and salinity) and the volume of sea water.

The vertical mixing process is parameterized with a turbulence model with a second-moment closure, which determines local distributions of the
turbulent kinetic energy, k [em®s ™~ 2], and the mixing length, [ [cm], by means of well-established k-kI equations (e.g., Blumberg and Mellor, 1978;
Mellor and Yamada, 1982).

As for the boundary conditions, the conditions at (1) land boundaries (coastal line), (2) open-sea boundaries (bay mouse), (3) the air-water
interface (sea surface), and (4) the sediment-water interface (sea bottom) are set on the hydrodynamic model. At (1) land boundaries (coastal line),
the free-slip condition is applied to the momentum (current):

ou;,

m=0 =0
uen n (F.17)

For the temperature and salinity at (1) land boundaries, the following condition (i.e., temperature and salinity are not transported at land
boundaries) is applied:
ar _as _
on on (F.18)
where u is the current vector [em's ™ '] and n [-] is the normal vector to the coastline (outward directed from ocean area). n denotes the element of
normal direction of the coastal line. t denotes the element of tangential direction of the coastal line.

At (2) open-sea boundaries (bay mouse), the sea-surface elevation, ¢, described by trigonometric function is given and a free-stream condition is
applied to the momentum (current). For the temperature and concentration of salinity, the values of their inflow from the outside to the inside of the
calculation area are specified by prescribed functions, and the values for the outflow from the inside to the outside set the free-stream condition:

{=¢, + ZAicos(wit—S)

(F.19)
LI
on (F.20)
3—: = g—i = 0 (for outflow side) (F.21)
T =T, S==S, (forinflowside) (F.22)

Where, A; [cm] is the amplitude of each tidal element, w ; is the frequency of each tidal element, § [radians™ 11 is the angle of delay, and T, [°C] and
So [%o] are the prescribed values of temperature and salinity, respectively, at the open-sea boundary.

As for the boundary conditions at the (3) air-water interface (z = ¢{), the stress caused by the wind, heat flux, and the free surface condition are
given as follows:

du

N, — =75

PNog, =T (F.23)
v

N,— =1}

e = (F.24)
aT

“ag Q (F.25)

X _,

= = (F.26)

where 7§ and r;, [g~cm_1-s_2] are the wind stresses and Q [°C-cm-s ~11is the downward heat flux.
The final boundary condition at the (4) sea bottom (z = -Hj) is the slip condition for the bottom stress and the dynamic boundary condition as
follows:

ou b
N,— =71
PNz a2 x (F.27)
ov b
N, — =7
P =™ (F.28)
aT
= =0
0z (F.29)
DH, _
Dt (F.30)
Where, T)l:, rf, [g-cm’1~s’2] are friction stresses at the sediment-water interface (sea bottom).
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