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ABSTRACT: This study developed and applied a Monte Carlo–based food-chain box model to identify region-
specific ecosystem parameter sets for 13 sub-regions of the Seto Inland Sea. For each region, large ensembles of 
Monte Carlo simulations (approximately 10,000–700,000 realizations) were explored to identify 1,000 feasible 
parameter sets for 28 ecosystem parameters that simultaneously reproduced the observed ranges of dissolved 
inorganic nitrogen (DIN) concentrations and phytoplankton biomass in both the 1990s and the 2010s. This 
approach allowed parameter uncertainty to be systematically constrained using long-term monitoring data rather 
than subjective tuning.  The estimated parameters exhibited clear inter-regional differences, particularly in the 
maximum growth rates of phytoplankton and zooplankton and in phytoplankton sinking velocities. These 
differences were consistent with observed regional variations in phytoplankton community composition, nutrient 
conditions, and physical environments. Overall, the results highlight the importance of region-specific ecosystem 
parameter settings for accurately simulating coastal ecosystem dynamics and for improving the reliability of high-
resolution numerical models. 
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1. INTRODUCTION 
 

Fisheries in coastal seas have developed through 
nutrient inputs from rivers and discharges, but fishery 
yields have declined worldwide due to ecosystem 
changes associated with climate change, overfishing, 
and water pollution [1]. Coastal seas are particularly 
sensitive to both natural variability and anthropogenic 
pressures because they receive substantial land-
derived nutrient inputs while simultaneously being 
exposed to large climatic and physical fluctuations. 
As a result, management of coastal fisheries requires 
an integrated understanding of biogeochemical 
processes, ecosystem structure, and their responses to 
external forcings. Numerical ecosystem models are 
therefore widely used for coastal management. 
Previous studies have emphasized the importance of 
accurate parameter estimation in higher-trophic-level 
models and highlighted uncertainties caused by 
parameter and boundary-condition settings [2–6]. 
Similar challenges have also been reported in studies 
focusing on lower-trophic and microbial ecosystems, 
where environmental forcings such as light 
conditions strongly influence ecosystem functions 
and complicate parameter evaluation [7]. In particular, 
uncertainties in biological parameters often propagate 
nonlinearly through food-web interactions, leading to 
large uncertainties in simulated biomass and 
production at higher trophic levels. This issue has 
been recognized as a major limitation in applying 
ecosystem models to practical coastal management. 
Because ecosystem parameters vary both temporally 
and spatially, complex models with many parameters 

are not always practical, and simplified approaches 
are often more suitable for policy applications [8, 9]. 

Our previous study developed a Monte Carlo–
based two-box food-chain model for Harima Nada in 
the eastern Seto Inland Sea, assigning parameter 
ranges to each box based on dominant phytoplankton 
groups and successfully reproducing water-quality 
changes in the 1990s and 2010s [10]. However, this 
approach still involved arbitrariness because the 
parameter ranges were manually specified, similar to 
conventional tuning practices. Such arbitrariness in 
defining parameter ranges makes it difficult to 
objectively evaluate parameter uncertainty and limits 
the transferability of the estimated parameters to other 
regions or environmental conditions. Reducing this 
subjectivity is therefore essential for establishing a 
more transparent and reproducible parameter 
estimation framework. 

In addition, most ensemble calibration and data 
assimilation studies estimate a single parameter set 
for the entire model domain and therefore do not 
explicitly account for regional differences in 
ecosystem characteristics. In highly heterogeneous 
semi-enclosed systems such as the Seto Inland Sea—
where environmental conditions differ markedly 
among bays and nadas—region-specific parameter 
estimation remains insufficiently explored. 

In this study, we estimate region-specific 
ecosystem parameters across multiple sub-regions of 
the Seto Inland Sea using unified prior parameter 
ranges within a consistent Monte Carlo–based 
framework. We evaluate the model’s ability to 
reproduce observed water-quality characteristics in 
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both the 1990s and the 2010s and analyze how 
differences in the estimated parameters relate to 
environmental conditions such as nutrient 
concentrations and phytoplankton community 
composition. The findings are expected to provide 
practical guidance for parameterizing high-resolution 
coastal models and offer engineering insights to 
support science-based coastal management. 

 
2. RESEARCH SIGNIFICANCE 

 
In this study, we propose a Monte Carlo–based 

parameter estimation framework to reduce 
subjectivity and estimate region-specific ecosystem 
parameters under observational constraints. By 
applying parameter distributions rather than single 
representative values, the framework is expected to 
support uncertainty-aware parameterization in high-
resolution coastal models. For example, it can assist 
nutrient load reduction assessments by quantifying 
both expected water-quality improvements and 
associated uncertainty, thereby supporting science-
based coastal management and engineering 
applications. 

 
3. MODEL AND METHODS 
 
3.1 Model Structure 
 

The model is a box-type food-chain model 
consisting of five major components—nutrients, 
phytoplankton, zooplankton, planktivorous fish, and 
piscivorous fish—where each box is assumed to be a 
completely mixed layer. The food-chain model, 
originally developed for Lake Biwa and modified for 
Harima Nada, was further improved in this study by 
replacing total nitrogen (TN) with dissolved 
inorganic nitrogen (DIN), which is directly available 
to organisms [10, 11]. Seasonal variations were not 
considered; instead, the model reproduced the annual 
average conditions, and the calculation time step was 
set to one day. The schematic structure of the model 
is shown in Fig. 1, while the full mathematical 
formulations are provided in Table A1. 

 

3.2 Study Area and Input Data 
 

The study area covers the entire Seto Inland Sea. 
Based on differences in water quality 
characteristics—such as nutrient concentrations and 
phytoplankton biomass—the area was divided into 13 
boxes, each representing a distinct region (Fig. 2). 

The input data used in the model are summarized 
in Table 1, and seawater exchange volumes are listed 
in Table 2. Data for DIN, phytoplankton biomass (as 
chlorophyll-a), and transparency were interpolated 
from observations by the Ministry of the Environment 
of Japan and weighted using 500-m mesh bathymetry 
data from the Japan Oceanographic Data Center. The 
land-derived TN load for each bay and sea area was 
estimated using the LQ equations reported in the 
previous study, which represent empirical 
relationships between TN load and river discharge 
[12]. For the 2010s, riverine water inflow from major 
rivers was obtained from the data provided by the 
Ministry of Land, Infrastructure, Transport and 
Tourism of Japan. For small and medium-sized rivers, 
the inflow was estimated by scaling the discharge of 
nearby major rivers according to the ratio of 
watershed areas. The TN load in the 1990s was 
estimated by applying the ratio of land-derived loads 
reported by the Ministry of the Environment of Japan, 
relative to the values in the 2010s. The DIN load was 
then calculated by applying a DIN/TN ratio of 0.8, 
based on previous studies [13, 14]. The carbon-to-
chlorophyll-a ratio (C/Chl.a) was set to 56.4, based on 
observations from the Seto Inland Sea [15].   

 

 
 
Fig.1 Structure of the food chain model. 

 

 
 

Fig.2 Study area consisting of 13 model boxes.  
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The compensation depth was then calculated as 
2.7 times the transparency (SD), following a previous 
study [15]. SD for each box was estimated using Eq. 
(1), derived from the relationship between SD and 
chlorophyll-a concentration in each region [17, 18]. 
The empirical relationship used for estimating SD is 
expressed as: 
 

log(𝑆𝐷) = 𝑎 − 𝑏･ log (𝐶ℎ𝑙. 𝑎)                           (1) 
 
where SD : Secchi disk transparency (m), Chl.a : 
Chlorophyll-a concentration (mg m-³) and a, b : 
Empirically determined constants. Fig. 3 shows the 
relationship between SD and chlorophyll-a 
concentration for the 1990s and the 2010s in each box. 
In this study, a = 0.96, b = 0.40, and the coefficient of 
determination (R²) = 0.77.  

 
Table 1 Model input data 

 

BOX Vol. Depth 
DIN 

Cons. 
Phyto- 

plankton 

DIN 
from 
Land 

 ×1011 

 m3 m 
×10-2 

gN m-3 
×10-2 

gC m-3 
×108 

gN day-1 

1 1.82 60.5 
5.6 5.5 0.18 
4.5 4.0 0.15 

2 1.99 46.1 
3.8 6.3 0.20 
3.8 6.0 0.13 

3 0.27 23.9 
1.7 7.9 0.07 
2.5 11 0.04 

4 0.16 10.8 
2.9 15 0.23 
2.4 13 0.12 

5 0.05 17.2 
8.5 23 0.24 
5.4 20 0.19 

6 0.92 26.8 
4.9 9.8 0.19 
4.1 9.1 0.17 

7 0.26 16.4 
5.9 14 0.49 
3.4 16 0.29 

8 0.25 19.4 
9.1 16 0.47 
5.1 15 0.19 

9 0.18 21.9 
8.2 12 0.58 
4.9 12 0.23 

10 0.45 29.2 
8.1 7.7 0.02 
5.3 7.7 0.01 

11 0.33 39.6 
10 19 0.10 
5.7 9.4 0.04 

12 0.08 14.1 
16 49 1.90 
8.1 24 0.74 

13 0.75 43.7 
9.7 6.4 1.00 
5.8 2.8 0.42 

WB* ‐ ‐ 
4.6 4.7 

‐ 
4.3 3.4 

EB* 
‐ ‐ 7.7 5.7 ‐ 
  5.5 3.6  

*WB: Western Boundary, EB: Eastern boundary 

Note: 
Upper row shows values for the 1990s, and lower row shows values 
for the 2010s. 
 
 
 

To evaluate differences between the 1990s and 
the 2010s, the land-derived DIN load, the DIN inflow 
from adjacent waters, and the phytoplankton biomass 
in adjacent sea areas were varied between the two 
decades. In contrast, other input data, including water 
depth, water volume, and water-exchange rates, were 
commonly used for both periods. Exchange volumes 
were obtained from JCOPE2M [19, 20]. 

 
Table 2. Water exchange volumes between boxes. 

 

from → to 
Volume 

m³/day 

BOX1 → Western Boundary 8.56×109 

Western Boundary → BOX1  9.40×109 

BOX 1 → BOX 2 6.43×10⁹ 
BOX 2 → BOX 1 5.58×10⁹ 
BOX 2 → BOX 3 8.17×10⁸ 
BOX 3 → BOX 2 8.17×10⁸ 
BOX 4 → BOX 3 5.57×10⁸ 
BOX 3 → BOX 4 5.57×10⁸ 
BOX 2 → BOX 6 1.38×10⁹ 
BOX 6 → BOX 2 5.35×10⁸ 
BOX 5 → BOX 6 4.36×10⁸ 
BOX 6 → BOX 5 4.36×10⁸ 
BOX 6 → BOX 7 1.38×10⁹ 
BOX 7 → BOX 6 5.36×10⁸ 
BOX 7 → BOX 8 1.17×10⁹ 
BOX 8 → BOX 7 3.21×10⁸ 
BOX 8 → BOX 9 3.29×10⁸ 
BOX 9 → BOX 8 1.84×10⁸ 

BOX 8 → BOX 10 1.71×10⁹ 
BOX 10 → BOX 8 1.01×10⁹ 
BOX 9 → BOX 10 1.07×10⁹ 
BOX 10 → BOX 9 1.04×10⁹ 
BOX 9 → BOX 11 4.77×10⁸ 
BOX 11 → BOX 9 3.68×10⁸ 
BOX 10 → BOX 13 9.91×10⁸ 
BOX 13 → BOX 10 2.55×10⁸ 
BOX 11 → BOX 12 1.20×10⁹ 
BOX 12 → BOX 11 1.20×10⁹ 
BOX 11 → BOX 13 1.02×10⁹ 
BOX 13 → BOX 11 9.10×10⁸ 

BOX 13 → Eastern Boundary 1.56×1010 

Eastern Boundary → BOX 13 1.48×1010 

 

 
 

Fig.3 The relationship between SD and Chl.a 
concentration for the 1990s and the 2010s in each box 
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3.3 Calculation Procedure 
 

To estimate ecosystem parameters for each water 
region, variation ranges for all 28 parameters were 
defined based on published laboratory measurements 
and previous ecosystem modeling studies (Table 3) [3, 
11, 21–25]. For each parameter, the selected 
minimum and maximum values were chosen to cover 
the majority of values reported in the literature and 
avoid unrealistically narrow bounds that would 
restrict the Monte Carlo sampling. When published 
values differed substantially among studies, the range 
was slightly widened to account for environmental 
variability across the Seto Inland Sea. In some cases 
(e.g., maximum growth rate, respiration rate), the 
adopted ranges exceeded published values to ensure 
numerical stability during simulations. 

The following procedure was then applied. Each 
simulation continued until the system reached a 
periodic steady state. Steps 1 and 2 were repeated 
until 1,000 valid parameter sets were obtained. 

Step 1: 
Parameter values were randomly sampled from 

these ranges, and two separate simulations were 
conducted using boundary conditions representing 
the 1990s and the 2010s, respectively. 

Step 2: 
Each simulation result was accepted only if it 

satisfied the following two criteria, evaluated under 
periodic steady-state conditions. 

(i) The average values of DIN concentration and 
biomasses at steady state fall within the observed 
ranges for the 1990s and 2010s. 

(ii) The coefficient of variation (standard 
deviation divided by the mean) for DIN concentration 
and each biomass at steady state in the 2010s 
simulation is 0.2 or less. 

In this study, the parameter same set was used for 
both the 1990s and the 2010s. In our previous study, 
the ecosystem parameter ranges were adjusted for 
each box based on the dominant phytoplankton types 
to reproduce water quality in each box [10]. In 
contrast, this study employed uniform variation 
ranges across all boxes, as widely as possible based 
on literature values, to minimize subjectivity in the 
parameter estimation process. 

For simplicity, water quality within each box was 
simulated independently without coupling with 
adjacent boxes. Model reproducibility was evaluated 
by comparing the simulated DIN concentrations and 
phytoplankton biomasses with observed values. 

The ecological consistency of the estimated 
parameters was examined in relation to 
phytoplankton community composition, as well as 
associated physical and water-quality characteristics. 

 
Table 3 Variation ranges for 28 ecosystem parameters. 
 

Category Name Unit Min. Max. Literature Value 

Phyto- 
plankton 

maximum growth rate day-1 0.3 3.5 1-5 [11], 2.5-3 [3], 0.5-2.4 [21] 
exocytosis rate day-1 0.01 0.3 0.01-0.1 [11] 
maximum nutrients uptake rate gN gC-1 day-1 0.1 1.5 0.01-0.1 [11]※ 
half saturation constant gN m-3 0.01 1 0.0005-0.01 [11]※, 0.003-0.589 [22] 
congestion effect constant m3 gC-1 0.1 2 0.1-1 [11] 
respiration rate day-1 0.01 0.3 0.01-0.2 [11], 0.02-0.25 [3], 0.01-0.037 [21] 
mortality rate day-1 0.01 0.3 0.01-0.1 [11], 0.05-0.2 [23] 
deposition rate m day-1 0.01 5 0.05-0.4 [11], 0.5 [3], 3.2[24] 
maximum N:C ratio - 0.17 0.2 0.02-0.03 [11]※, 0.18-0.21 [3] 
minimum N:C ratio - 0.02 0.06 0.005-0.01 [11]※, 0.06-0.11 [3], 0.2 [21] 

Zoo- 
plankton 

maximum growth rate day-1 0.1 0.8 0.2-0.4 [11], 0.2-1.1 [21] 
assimilation rate - 0.6 0.8 0.4-0.9 [11] 
half saturation constant gC m-3 0.09 0.18 0.05-0.2 [11] 
respiration rate day-1 0.01 0.03 0.005-0.05 [11], 0.04-0.23 [21] 
mortality rate day-1 0.02 0.07 0.005-0.05 [11] 
N:C ratio - 0.06 0.12 0.015-0.035 [11]※, 0.12 [21] 

Plankti-
vorous 
Fish 

maximum growth rate day-1 0.11 0.16 0.1-0.3 [11] 
assimilation rate - 0.7 0.9 0.4-0.9 [11] 
half saturation constant gC m-3 0.02 0.05 0.05-0.15 [11] 
respiration rate day-1 0.004 0.02 0.002-0.015 [11] 
mortality rate day-1 0.012 0.025 0.002-0.01 [11] 
N:C ratio - 0.07 0.13 0.04-0.06 [11]※, 0.2[25] 

Pisci- 
vorous 
Fish 

maximum growth rate day-1 0.06 0.12 0.1-0.3 [11] 
assimilation rate - 0.8 0.95 0.4-0.9 [11] 
half saturation constant gC m-3 0.07 0.11 0.02-0.1 [11] 
respiration rate day-1 0.001 0.004 0.002-0.015 [11] 
mortality rate day-1 0.003 0.008 0.001-0.005 [11] 
N:C ratio - 0.04 0.1 0.04-0.06 [11]※, 0.2[25] 

※values for phosphorus     
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4. RESULTS AND DISCUSSION 
 
4.1 Model Reproducibility and Regional Water 
Quality Characteristics  

 
Comparisons between simulated and observed 

values of DIN concentrations and phytoplankton 
biomass for the 1990s and the 2010s are shown in Fig. 
4. For each box, approximately 10,000 to 700,000 
Monte Carlo simulations were performed to obtain 
1,000 valid parameter sets. The figure presents 
boxplots of 1,000 simulation results and 10 years of 
observational data, along with their respective 
averages. Because only simulations within the 
observational ranges were accepted as valid, the 
results reflect the characteristic water quality 
conditions of each box. In particular, BOX12 
exhibited a much wider observational range than 
other boxes, resulting in a relatively larger difference 
between simulated and observed mean values. 

In the 1990s, compared to the 2010s, DIN 
concentrations showed small changes in the western 

boxes (BOX1–5), while higher values were observed 
in the eastern side of the Seto Inland Sea (BOX6–13). 
Phytoplankton biomass, on the other hand, increased 
significantly in BOX12 and 13 compared to the 2010s. 

Phytoplankton biomass generally ranged from 0.1 
to 0.2 mgC L⁻¹, but was below 0.05 mgC L⁻¹ in BOX1 
and 13, and reached 0.24 mgC L⁻¹ in BOX12. The 
high DIN concentration and phytoplankton biomass 
in Box 12 were mainly attributed to the large nutrient 
inputs from the Yodo River, a major river flowing 
through the Osaka urban area. 

Because only parameter sets that reproduced the 
observed ranges for both the 1990s and the 2010s 
were accepted through the Monte Carlo selection 
process, the final simulations closely matched the 
observed water-quality characteristics across all 
boxes. We therefore obtained parameter sets that 
consistently reproduced the observed ranges for both 
decades, successfully capturing the distinct regional 
water-quality patterns of the Seto Inland Sea.

 

 
 

Fig.4 Comparison of calculated and observed DIN concentrations between the 1990s and the 2010s. 
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4.2 Evaluation of Ecosystem Parameters 
 

Fig. 5 presents the phytoplankton species 
composition in the 2010s provided by the Ministry of 
the Environment of Japan, spatially interpolated and 
adjusted for each box, and Fig. 6 shows key 
ecosystem parameters that exhibited notable 
differences among the boxes. Fig. 7 illustrates the 
relationships between the mean values of the 
ecosystem parameters shown in Fig. 6 and 
independent environmental indicators. 

The maximum phytoplankton growth rate was 
high in BOX1–6 and BOX11–13. BOX3, BOX4, 
BOX6, and BOX11–13 were dominated by diatoms 
(Fig. 7(a)), which generally have high intrinsic 
growth rates, explaining the elevated maximum 
phytoplankton growth rate. In BOX5, the dominance 
of diatoms was somewhat lower than in other boxes; 
however, the high DIN concentrations likely 
supported a high phytoplankton growth rate [26]. In 
BOX1 and BOX2, the model estimated relatively 
high maximum phytoplankton growth rate despite the 
low proportion of diatoms. Both boxes were 
characterized by high water transparency and low 
phytoplankton biomass, providing a favorable light 
environment that can support high growth rates even 
without strong diatom dominance [27]. In contrast, 
BOX7 exhibited a lower maximum phytoplankton 
growth rate and a low minimum NC ratio, indicating 
high nitrogen-use efficiency. This parameter pattern 
corresponds to the observed condition in which 
relatively high phytoplankton biomass is maintained 
despite low DIN concentrations. In addition, because 
the Seto Inland Sea is generally influenced by an 
eastward residual current, a large amount of diatoms 
produced in BOX6 may have been transported into 
BOX7 and subsequently replaced by other taxa while 
being advected toward BOX8. In BOX9 and BOX10, 
the estimated parameters did not conform to the 
interpretations described above. In such cases, the 
estimated growth rate parameters may partially 
compensate for uncertainties inherent in the input 
data or model structure, such as water exchange rates, 
nutrient loading, or light conditions. Therefore, 
although the regional differences in the estimated 
parameters are broadly consistent with known 
ecological characteristics of the dominant 
phytoplankton groups, caution is required when 
interpreting these parameters as direct indicators of 
the intrinsic physiological traits of phytoplankton. 

Based on Fig. 7(b), a tendency was observed 
whereby regions with higher DIN concentrations 
exhibited lower estimated nutrient uptake rates. This 
tendency is consistent with physiological plasticity 
and adaptive strategies, in which nutrient acquisition 
capacity (e.g., maximum uptake rate or affinity) is 
enhanced under nutrient-poor conditions, whereas 
high uptake capacity is not required in nutrient-rich 
environments [28]. In addition, BOX13, located in 

the Kii Channel, is strongly influenced by exchange 
with offshore waters and showed a high proportion of 
offshore-type Chaetoceros. This genus is adapted to 
oligotrophic offshore environments and is known to 
have lower nutrient uptake capacity than coastal 
diatoms, which explains the relatively low nutrient 
uptake rate estimated by the model for this region [29]. 

Regions with a high proportion of diatoms 
tended to exhibit faster sinking rates (Fig. 7(c)), 
consistent with the well-established understanding 
that diatom-dominated communities experience 
enhanced gravitational settling due to their heavier 
cell structures. In contrast, BOX6 exhibited a 
relatively low sinking rate despite the strong 
dominance of diatoms. This region contains 
numerous small islands and is influenced by 
comparatively strong tidal currents. Such intensified 
water-column mixing likely reduced effective 
sedimentation, resulting in the lower sinking rates 
estimated by the model [30]. 

The maximum zooplankton growth rate tended to 
increase as DIN concentration decreased (Fig. 7(d)). 
Although zooplankton feed on phytoplankton and 
therefore are not directly related to ambient DIN 
concentration, regions with higher DIN levels may 
favor larger phytoplankton size structures. Such size 
enlargement could reduce prey palatability and 
feeding efficiency for zooplankton, resulting in lower 
estimated maximum growth rates [30]. In BOX13, 
relatively low maximum zooplankton growth rates 
were estimated despite low DIN concentrations. As 
discussed above, this region is characterized by a high 
proportion of offshore-type Chaetoceros, which 
likely includes relatively large cells and chain-
forming species. These characteristics may have 
reduced food availability and prey accessibility for 
zooplankton, leading to the lower growth rates 
estimated by the model. 

These region-specific parameter characteristics 
are important for engineering-oriented coastal 
modeling. The common assumption of spatially 
uniform biological parameters in high-resolution 
three-dimensional models may lead to biased 
representations of phytoplankton dynamics, nutrient 
cycling, and sedimentation processes in 
heterogeneous systems such as the Seto Inland Sea. 
Applying the region-specific ranges of ecosystem 
parameters estimated in this study as initial values or 
spatial constraints in ecosystem models coupled with 
three-dimensional hydrodynamic models is expected 
to improve model reproducibility.  

These parameters should be interpreted as 
effective values that reflect uncertainties in the 
structure of the present model and its input conditions. 
In addition, the proposed parameter estimation 
framework is applicable to scenario analyses for 
nutrient management, wastewater discharge planning, 
and environmental impact 
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Fig. 5 Observed phytoplankton species composition, averaged across the 1990s and 2010s. 

 

 
 
Fig. 6 Estimated ecosystem parameters showing regional variations among 13 boxes. 
 

  
 
Fig.7 Relationships between estimated ecosystem parameters and environmental indicators. 
 

 
assessment, supporting decision-making under 
uncertainty. 
 
5. CONCLUSION 

 
This study estimated ecosystem parameters for 

multiple regions of the Seto Inland Sea using a Monte 
Carlo–based food-chain model. The model 
successfully reproduced key water-quality 
characteristics observed in both the 1990s and 2010s, 
including DIN concentrations and phytoplankton 
biomass. The estimated parameters captured regional 
differences in phytoplankton community structure, 
nutrient conditions, biomass levels, and physical 

environments such as tidal currents, and were broadly 
consistent with known ecological traits such as 
growth and sinking characteristics. 

 
These results demonstrate that region-specific 

ecosystem parameters are essential for realistically 
simulating coastal ecosystem dynamics in 
heterogeneous systems. Although the estimated 
parameters should be interpreted as effective values 
that incorporate uncertainties arising from model 
structure and input conditions, the proposed 
framework presents a practical and transparent 
approach that has the potential to contribute to 
improving the reliability of high-resolution numerical 
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models. This approach also offers a useful basis for 
scenario analyses related to nutrient management and 
environmental assessment in eutrophic coastal seas. 
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Table A1 Food chain model description (based on Sato and Hayakawa [11]). 
 
Phytoplankton Biomass: 

𝒅𝑴𝒑

𝒅𝒕
= 𝑮𝒑 − 𝑷𝒑 − 𝑬𝒑 − 𝑹𝒑 − 𝑫𝒑 − 𝑶𝒑 + 𝑰𝑵𝒑 (A1) 

  𝑮𝒑 = 𝒈𝒑･ቆ𝟏 −
𝜸𝒎𝒊𝒏,𝒑

𝜸𝒑

ቇ ･𝐞𝐱𝐩൫−𝜷𝒑･𝑴𝒑൯･
𝑯𝒑

𝑯
･𝑴𝒑 (A2) 

  𝑷𝒑 = 𝒈𝒛･
𝑴𝒑

𝒌𝒛ା𝑴𝒑
･𝑴𝒛  (A3) 

  𝑬𝒑 = 𝒆𝒑･𝑴𝒑  (A4) 

  𝑹𝒑 = ൫𝒓𝒑 + 𝜺𝒑൯･𝑴𝒑 (A5) 

  𝑫𝒑 =
𝒅𝒑

𝑯
𝑴𝒑  (A6) 

  𝑶𝒑 =
∑ 𝑽𝒐𝒖𝒕,𝒋

𝒏
𝒋ୀ𝟏

𝑽
･𝑴𝒑 (A7) 

  𝑰𝑵𝒑 =
∑ 𝑽𝒊𝒏,𝒋･𝑴𝒑,𝒋

𝒏
𝒋ୀ𝟏

𝑽
 (A8) 

Phytoplankton Nutrients: 
𝒅𝑪𝒑

𝒅𝒕
= 𝝆𝒑･

𝑪𝑵

𝒌𝒑 + 𝑪𝑵

･ቆ𝟏 −
𝜸𝒑

𝒌𝒎𝒂𝒙,𝒑

ቇ･𝑴𝒑 − ൫𝑷𝒑 + 𝑬𝒑 + 𝑹𝒑 + 𝑫𝒑 + 𝑶𝒑൯･𝜸𝒑 + 𝑰𝑵𝒑･𝜸𝒑,𝒋 (A9) 

  𝜸𝒑 =
𝑪𝒑

𝑴𝒑

 (A10) 

Zooplankton Biomass: 
𝒅𝑴𝒛

𝒅𝒕
= 𝑮𝒛 − 𝑷𝒛 − 𝑬𝒛 − 𝑹𝒛 − 𝑶𝒛 + 𝑰𝑵𝒛 (A11) 

  𝑮𝒛 = 𝑷𝒑･𝜹𝒛 (A12) 

  𝑷𝒛 = 𝒈𝒇𝟏
･

𝑴𝒛

𝒌𝒇𝟏
ା𝑴𝒛

･𝑴𝒇𝟏
  (A13) 

  𝑬𝒛 = ቊ
𝑮𝒛･൫𝟏 − 𝜸𝒑 𝜸𝒛⁄ ൯ 𝒊𝒇 𝜸𝒛 ≥ 𝜸𝒑

𝟎       𝒊𝒇 𝜸𝒛 < 𝜸𝒑

  (A14) 

  𝑹𝒛 = (𝒓𝒛 + 𝜺𝒛)･𝑴𝒛 (A15) 

  𝑶𝒛 =
∑ 𝑽𝒐𝒖𝒕,𝒋

𝒏
𝒋ୀ𝟏

𝑽
･𝑴𝒛 (A16) 

  𝑰𝑵𝒛 =
∑ 𝑽𝒊𝒏,𝒋･𝑴𝒛,𝒋

𝒏
𝒋ୀ𝟏

𝑽
 (A17) 

Zooplankton Nutrients: 
𝒅𝑪𝒛

𝒅𝒕
= ቊ

𝑮𝒛･𝜸𝒑 − (𝑷𝒛 + 𝑹𝒛 + 𝑶𝒛 − 𝑰𝑵𝒛)･𝜸𝒛       𝒊𝒇 𝜸𝒛 ≥ 𝜸𝒑

𝑮𝒛･𝜸𝒑 − 𝑮𝒛൫𝜸𝒑 − 𝜸𝒛൯ − (𝑷𝒛 + 𝑹𝒛 + 𝑶𝒛)･𝜸𝒛 + 𝑰𝑵𝒛･𝜸𝒛,𝒋 𝒊𝒇 𝜸𝒛 < 𝜸𝒑

 (A18) 

  𝜸𝒛 =
𝑪𝒛

𝑴𝒛

 (A19) 

Planktivorous Fish Biomass: 
𝒅𝑴𝒇𝟏

𝒅𝒕
= 𝑮𝒇𝟏

− 𝑷𝒇𝟏
− 𝑬𝒇𝟏

− 𝑹𝒇𝟏
 (A20) 

  𝑮𝒇𝟏
= 𝑷𝒛･𝜹𝒇𝟏

 (A21) 

  𝑷𝒇𝟏
= 𝒈𝒇𝟐

･
𝑴𝒇𝟏

𝒌𝒇𝟐
ା𝑴𝒇𝟏

･𝑴𝒇𝟐
  (A22) 

  𝑬𝒇𝟏
= ቊ

𝑮𝒇𝟏
･൫𝟏 − 𝜸𝒛 𝜸𝒇𝟏

⁄ ൯ 𝒊𝒇 𝜸𝒇𝟏
≥ 𝜸𝒛

𝟎       𝒊𝒇 𝜸𝒇𝟏
< 𝜸𝒛

 (A23) 

  𝑹𝒇𝟏
= ൫𝒓𝒇𝟏

+ 𝜺𝒇𝟏
൯･𝑴𝒇𝟏

 (A24) 

Planktivorous Fish Nutrients: 
𝒅𝑪𝒇𝟏

𝒅𝒕
= ቊ

𝑮𝒇𝟏
･𝜸𝒛 − ൫𝑷𝒇𝟏

+ 𝑹𝒇𝟏
൯･𝜸𝒇𝟏

        𝒊𝒇 𝜸𝒇𝟏
≥ 𝜸𝒛

𝑮𝒇𝟏
･𝜸𝒛 − 𝑮𝒇𝟏

൫𝜸𝒛 − 𝜸𝒇𝟏
൯ − ൫𝑷𝒇𝟏

+ 𝑹𝒇𝟏
൯･𝜸𝒇𝟏

 𝒊𝒇 𝜸𝒇𝟏
< 𝜸𝒛

 (A25) 

  𝜸𝒇𝟏
=

𝑪𝒇𝟏

𝑴𝒇𝟏

 (A26) 
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Piscivorous Fish Biomass: 
𝒅𝑴𝒇𝟐

𝒅𝒕
= 𝑮𝒇𝟐

− 𝑬𝒇𝟐
− 𝑹𝒇𝟐

 (A27) 

  𝑮𝒇𝟐
= 𝑷𝒇𝟏

･𝜹𝒇𝟐
 (A28) 

  𝑬𝒇𝟐
= ቊ

𝑮𝒇𝟐
･൫𝟏 − 𝜸𝒇𝟏

𝜸𝒇𝟐
⁄ ൯ 𝒊𝒇 𝜸𝒇𝟐

≥ 𝜸𝒇𝟏

𝟎        𝒊𝒇 𝜸𝒇𝟐
< 𝜸𝒇𝟏

  (A29) 

  𝑹𝒇𝟐
= ൫𝒓𝒇𝟐

+ 𝜺𝒇𝟐
൯･𝑴𝒇𝟐

 (A30) 

Piscivorous Fish Nutrients: 
𝒅𝑪𝒇𝟐

𝒅𝒕
= ቊ

𝑮𝒇𝟐
･𝜸𝒇𝟏

− 𝑹𝒇𝟐
･𝜸𝒇𝟐

        𝒊𝒇 𝜸𝒇𝟐
≥ 𝜸𝒇𝟏

𝑮𝒇𝟐
･𝜸𝒇𝟏

− 𝑮𝒇𝟐
൫𝜸𝒇𝟏

− 𝜸𝒇𝟐
൯ − 𝑹𝒇𝟐

･𝜸𝒇𝟐
 𝒊𝒇 𝜸𝒇𝟐

< 𝜸𝒇𝟏

 (A31) 

  𝜸𝒇𝟐
=

𝑪𝒇𝟐

𝑴𝒇𝟐

 (A32) 

Nutrients: 
𝒅𝑪𝑵

𝒅𝒕
= 𝑳𝑵 − 𝑶𝑵 + 𝑫𝑷𝑵 + 𝑫𝒁𝑵 + 𝑫𝑭𝟏𝑵 + 𝑫𝑭𝟐𝑵 − 𝑰𝑵 (A33) 

  𝑳𝑵 =
𝑳𝒊𝒏

𝑽
+

∑ 𝑽𝒊𝒏,𝒋･𝑪𝑵,𝒋
𝒏
𝒋ୀ𝟏

𝑽
 (A34) 

  𝑶𝑵 =
∑ 𝑽𝒐𝒖𝒕,𝒋

𝒏
𝒋స𝟏

𝑽
･𝑪𝑵  (A35) 

  𝑫𝑷𝑵 = ൛𝑬𝑷 + ൫𝑷𝒑 − 𝑮𝒛൯ + 𝑹𝒑ൟ･𝜸𝒑 (A36) 

  𝑫𝒁𝑵 = ቊ
൛൫𝑷𝒛 − 𝑮𝒇𝟏

൯ + 𝑹𝒛ൟ･𝜸𝒛        𝒊𝒇 𝜸𝒛 ≥ 𝜸𝒑

𝑮𝒛･൫𝜸𝒑 − 𝜸𝒛൯ + ൛൫𝑷𝒛 − 𝑮𝒇𝟏
൯ + 𝑹𝒛ൟ･𝜸𝒛 𝒊𝒇 𝜸𝒛 < 𝜸𝒑

 (A37) 

  𝑫𝑭𝟏𝑵 = ቊ
൛൫𝑷𝒇𝟏

− 𝑮𝒇𝟐
൯ + 𝑹𝒇𝟏

ൟ･𝜸𝒇𝟏
        𝒊𝒇 𝜸𝒇𝟏

≥ 𝜸𝒛

𝑮𝒇𝟏
･൫𝜸𝒛 − 𝜸𝒇𝟏

൯ + ൛൫𝑷𝒇𝟏
− 𝑮𝒇𝟐

൯ + 𝑹𝒇𝟏
ൟ･𝜸𝒇𝟏

 𝒊𝒇 𝜸𝒇𝟏
< 𝜸𝒛

 (A38) 

  𝑫𝑭𝟐𝑵 = ቊ
𝑹𝒇𝟐

･𝜸𝒇𝟐
         𝒊𝒇 𝜸𝒇𝟐

≥ 𝜸𝒇𝟏

𝑮𝒇𝟐
･൫𝜸𝒇𝟏

− 𝜸𝒇𝟐
൯ + 𝑹𝒇𝟐

･𝜸𝒇𝟐
 𝒊𝒇 𝜸𝒇𝟐

< 𝜸𝒇𝟏

 (A39) 

  𝑰𝑵 = 𝝆𝒑･
𝑪𝑵

𝒌𝒑 + 𝑪𝑵

･ቆ𝟏 −
𝜸𝒑

𝜸𝒎𝒂𝒙,𝒑

ቇ･𝑴𝒑 (A40) 

 
Symbols: 
𝑴𝒊,𝒋：biomass [gC m-3]，𝐆𝐢：growth [gC m-3 day-1]，𝑷𝒊：predation [gC m-3 day-1]，𝑬𝒊:elimination [gC m-3 day-1]，𝑹𝒊:respiration and 
mortality [gC m-3 day-1]，𝑫𝒊：deposition [gC m-3 day-1]，𝑶𝒊：outflow [gC m-3 day-1 OR gN m-3 day-1]，𝑰𝑵𝒊：biomass inflow [gC m-3 day-

1]，𝑽：water volume [m3]，𝑯：water depth [m]，𝑯𝒊：compensation depth [m]，𝑽𝒐𝒖𝒕(𝒊𝒏),𝒋：water outflow [m3 day-1]， 𝒈𝒊：maximum 
growth rate [day-1]，𝜷𝒊：congestion effect constant [m3 gC]，𝒌𝒊：half saturation constant [gC m-3 OR gN m-3]，𝒆𝒊：exocytosis rate [day-

1]，𝒓𝒊：respiration rate [day-1]，𝜺𝒊：mortality rate [day-1]，𝒅𝒊：deposition rate [m day-1]，𝜹𝒊：assimilation rate [-]，𝑪𝒊：nutrients 
concentration in water or biomass [gN m-3]，𝝆𝒊：maximum nutrients uptake rate [gN gC-1 day-1]，𝑳𝒊𝒏：inland nutrients inflow [gN day-1]，
𝑫𝑵𝒊：biomass derived nutrients [gN day-1]，𝑰𝑵：phytoplankton intake [gN m-3 day-1]，𝜸𝒊：N:C ratio [-]，𝜸𝐦𝐚𝐱(𝒎𝒊𝒏),𝒊：maximum 
(minimum) N:C ratio [-]，𝒕：time [day]，𝒊：target subscripts (𝒑：phytoplankton, 𝒛：zooplankton, 𝒇𝟏：planktivorous fish, 𝒇𝟐：piscivorous 
fish)，𝒏：number of adjacent sea area，𝒋：sea area  
 


