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1.  Introduction
Extreme weather events and natural disasters have occurred worldwide due to global warming, underscoring the 
urgent necessity of climate change mitigation (IPCC, 2014, 2018, 2021). Nellemann et al. (2009) have shown that 
much of the Earth’s carbon is captured and stored naturally as “blue carbon” in oceanic and coastal ecosystems, 
with vegetated habitats, such as mangroves and submerged aquatic vegetation (SAV), accounting for more than 
50% of all carbon storage in ocean sediment. Previous studies have shown that SAV enhances the stratification 

Abstract  Net ecosystem production (NEP) by submerged aquatic vegetation plays a substantial role 
in capturing atmospheric carbon dioxide into aquatic ecosystems. In lakes and estuaries, the net uptake of 
carbon dioxide by submerged aquatic vegetation is mediated by stratification of the water column which 
suppresses the vertical flux of carbon dioxide between the upper and lower layers. The presence of submerged 
aquatic vegetation can also affect the strength of stratification such that the interactions between vegetation, 
stratification, and NEP can moderate the carbon dioxide emissions. Since stratification can occur in lakes 
and estuaries, there is need for a new numerical approach able to consider the effect of submerged aquatic 
vegetation on stratification, NEP, and carbon dioxide. This study aims to develop a model to investigate 
how stratification, mediated by vegetation density and flexibility, affects the partial pressure of carbon 
dioxide (pCO2) and dissolved inorganic carbon (DIC). After initial parameterization of coefficients based 
on experimental work, horizontal and vertical variations in DIC were successfully modeled by a spatially 
(horizontally) integrated DIC (SiDIC) model, which was validated with field observations from an estuarine 
and freshwater lake case study. The SiDIC model was able to reproduce the pCO2 changes between daytime and 
nighttime throughout the water column. Sensitivity tests showed that the fluctuation of pCO2 was controlled by 
the suppression of stratification due to the density of submerged aquatic vegetation. The results highlight the 
importance of resolving vegetation-induced stratification when modeling the carbon budget within freshwater 
lakes and coastal environments.

Plain Language Summary  The key idea of the present study is that “vegetation-induced 
stratification” suppresses vertical mixing in lakes and plays a substantial role in determining how much 
atmospheric carbon dioxide exchanges with the water. Field observations in Komuke Lagoon and Lake Monger 
were used to create a representative data set for understanding dissolved inorganic carbon (DIC) metabolism 
in coastal and freshwater lake ecosystems, respectively. A spatially integrated DIC model was then created 
to reveal that the fluctuation of partial pressure of carbon dioxide was controlled by the suppression of 
stratification which is related to the density of submerged aquatic vegetation. The results demonstrate the effect 
of submerged aquatic vegetation on the vertical mixing of DIC, with implications for our understanding of 
carbon capture within aquatic ecosystems.
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of the water column (Nakayama, Sato, et al., 2020), suppressing vertical water exchange in shallow water areas 
(Ghisalberti & Nepf, 2006, 2009). When stratification occurs, large amounts of dissolved inorganic carbon (DIC) 
can accumulate in the deeper layers of an aquatic ecosystem because the dampening of vertical mixing prevents 
the flux of carbon between the upper and lower layers (Lin et al., 2021, 2022). Therefore, by suppressing vertical 
water exchange, SAV presence can limit the supply of carbon dioxide from bottom waters to the surface layer 
where it is subject to exchange with the atmosphere, and this effect will vary between different environments 
depending on the amount and form of the biomass. While SAV is known to play a significant role in carbon 
cycling in the water and sediment (Abdolahpour et al., 2018; Adams et al., 2016), the effect of SAV on stratifi-
cation is rarely considered in aquatic ecosystem models (Nakayama, Nakagawa, et al., 2020), particularly those 
used for carbon cycle investigations. Furthermore, the target areas of “blue carbon” research have mainly focused 
on marine and coastal ecosystems, with less attention paid to inland waters, such as freshwater or coastal lakes 
that can experience high vegetation densities and persistent stratification. There is therefore a need for improved 
methods for simulating blue carbon and carbon capture and storage processes that are applicable to freshwater 
lakes and coastal ecosystems.

In order to accurately represent carbon flows in these models, the mechanisms by which SAV suppresses vertical 
mixing and mediates the carbon dioxide flux from the vegetation canopy need to be considered. SAV is known 
to affect water circulation, and an array of numerical simulation models to enable analysis of a three-dimensional 
flow field has been developed (Weitzman et al., 2015; Zeller et al., 2014). For example, since the motion of 
submerged aquatic plants within a canopy controls mass transport, a SAV model that can capture the deflection of 
vegetation elements is required to resolve how much carbon is being absorbed (Nepf, 2012). Nakayama, Komai, 
et al. (2020) successfully developed a SAV model that included the feedback between vegetation movement and 
the flow field by integrating it with a three-dimensional hydrodynamic model and considering the drag, friction, 
buoyancy, and elastic forces associated with the vegetation elements. However, because their SAV model precisely 
simulated each element, including differences among the branches and leaf segments, its runtime cost was noted 
as being prohibitive for field-scale applications to lakes or coastal areas. To improve the implementation time for 
use in biogeochemical studies, methods are necessary to adapt this high-resolution model approach by integrating 
different “bundles” of submerged aquatic plants into a more practical subgrid-scale SAV parameterization.

On the other hand, spatially integrated vertical one-dimensional models have been used to investigate mass trans-
port and water quality in lakes or enclosed coastal basins (Casamitjana et al., 2019; Hipsey et al., 2019; H. F. 
Jones et al., 2018) for some time. They have the advantage of resolving vertical mass transport while spatially 
integrating more complex three-dimensional phenomena created by horizontal gradients, such as density intru-
sions due to inflows (Imberger et al., 1978; Yeates et al., 2013). Due to the fast computational speed of models 
such as DYRESM and GLM, they are well suited for the simulation of water quality and carbon cycling in 
enclosed water bodies, and for longer-term climate change projections (Ladwig et al., 2021; Trolle et al., 2012; 
Zhang et al., 2020). Since spatially integrated models have had difficulty analyzing vertical convection induced 
by the horizontal water temperature differences, Okely and Imberger (2007) and Zhou et al. (2021) have contrib-
uted various methodological improvements, including the recent development of multibasin simulation capability 
(MB-DYRESM) able to parameterize more natural three-dimensional phenomena. For the purposes of investigat-
ing the dynamics of carbon capture and storage in enclosed aquatic ecosystems with dense vegetation and strong 
stratification over long time periods, spatially integrated models can serve as a useful approach of intermediate 
complexity. However, to date they have not specifically resolved the feedback between the vegetation canopy, 
water mixing, and carbon exchange.

In both vegetated and nonvegetated aquatic ecosystems, sediment respiration can be a dominant driver of verti-
cal gradients in DIC, and this can be highly site specific (Bauer et al., 2013). For example, Lehrter et al. (2012) 
demonstrated that understanding the DIC flux from the sediment was crucial for clarifying respiration and the 
cause of bottom hypoxia in the mouth of the Mississippi River. Also, Karle et al. (2007) suggested the importance 
of understanding the DIC from the bottom sediment, which is not negligible when understanding the controls on 
metabolism in coastal areas. In shallower well-lit waters, particulate organic matter tends to accumulate to higher 
levels within the sediment, due to both local vegetation litter inputs and also because SAVs inhibit the mass trans-
port between the upper and lower layers due to the formation of stratification, with the net effect of substantially 
higher carbon dioxide fluxes from vegetated bottom sediments (Adams et al., 2016; Baird et al., 2016; Trolle 
et al., 2014).
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Thus, in order to accurately estimate carbon release and capture associated with SAV, it is essential to clarify not 
only the respiration and photosynthesis effects on DIC due to SAV productivity, and also the DIC flux associated 
with respiration of the bottom sediments, but also the nature of mass transport associated with the SAV canopy, 
mediated by the effect of vegetation on stratification and vertical motions across the vegetation boundary layer. 
This study aims at developing a spatially integrated model to estimate inorganic carbon dynamics suitable for 
stratified waters and able to accommodate different vegetation canopy properties. To elucidate the interplay of 
the various processes and their relevance within both coastal and freshwater ecosystems, we applied the model at 
two different case studies: Komuke Lagoon (Hokkaido, Japan) and Lake Monger (Western Australia, Australia). 
Komuke Lagoon is a typical eutrophic coastal (saline) lagoon with Zostera marina, and Lake Monger is a typi-
cal eutrophic freshwater lake with Potamogeton crispus. Both sites are enclosed water bodies that experience 
seasonal coverage with SAVs from spring to autumn, however, they experience different stratification phenology 
and plant densities. Using the model, we compare Komuke Lagoon and Lake Monger in terms of the controls 
on DIC transport and uptake and net SAV production. First, the effect of stratification due to SAV was investi-
gated by means of field observations in both sites. Second, the DIC productivity equation in Nakayama, Komai, 
et al. (2020), which was developed for Z. marina in Komuke, was extended to also fit P. crispus in Lake Monger. 
Third, a conceptual two-layer steady-state DIC model was applied to estimate the DIC flux from the bottom sedi-
ment. Lastly, the derived source and sink terms of DIC were applied within a spatially integrated numerical model 
of hydrodynamics, vegetation and DIC (termed “SiDIC”). The vegetation model extends the flexible leaf model 
of Nakayama, Nakagawa, et al. (2020) by integrating shoot density in each computational cell as a “bundle” of 
submerged aquatic plants able to moderate water column mixing. The coupled model resolves the effect of SAV 
metabolism and drag effects on DIC vertical profiles under dynamic hydrological conditions, and is validated 
against measurements from the sites before being applied to demonstrate the sensitivity of water column DIC to 
different environmental conditions.

2.  Method
2.1.  Site Selection and Field Investigations

Komuke Lagoon is located in eastern Hokkaido along the Okhotsk Sea (North latitude 44°15′30″, East longitude 
143°30′20″; Figure 1a). The water area is 4.84 km 2, the mean water depth is 1.2 m, and the maximum depth 
is 3.8 m. Komuke Lagoon consists of three enclosed basins and is a typical lagoon, which can trap nutrients. 
Eelgrass (Z. marina) inhabits the subtidal zones and contributes to sequestering organic carbon in the sediments 
(K. Watanabe & Kuwae, 2021). The field observations we conducted in 2018 showed that the salinity range was 
about 20–34 because of the greater seawater exchange with the Okhotsk Sea than river inflow. Also, the mean 

Figure 1.  Sampling stations in (a) Komuke Lagoon and (b) Lake Monger.
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values of nitrate nitrogen, ammonium nitrogen, and phosphate phosphorus were observed to be approximately 
0.0033, 0.0048, and 0.032 mg L −1, respectively, from spring to autumn. The tidal range of Komuke Lagoon is 
only 0.5 m because of the narrow 15 m width of the tidal inlet. Chlorophyll a (Chl. a) is approximately 3 μg L −1. 
For this reason, calm water conditions are usual in Komuke Lagoon, and the eelgrass population is widely distrib-
uted without the significant influence of phytoplankton. Also, the effect of the attached organisms on leaves 
is negligibly small on the partial pressure of carbon dioxide. In Komuke Lagoon, epiphytes are more likely to 
attach to leaves during snowmelt flood periods from March to April when the SAV leaf length is short and nutri-
ents are higher. However, since the large river inputs are not occurring from spring to summer and the currents 
induced by tides are relatively strong, this prevents epiphyte build-up as the SAV canopy develops. Therefore, 
Komuke Lagoon is ideal for investigating the stratification effect on carbon absorption due to the SAV meadow. 
The meadows and tidal flats create high-quality habitats for the migrations of birds. The field observations were 
conducted on the 8 August 2018 and the 22 July 2019. Vertical profiles of water temperature, dissolved oxygen 
(DO), and Chl. a were measured with a vertical interval of 1 cm using an AAQ-RINKO profiler (JFE Advantech). 
The water adjacent to the water surface (10 cm below the surface) and the bottom (5 cm above the sediment) was 
sampled using a Van Dorn water sampler (Miyamoto Riken Ind. Co.). Mercuric chloride (250 μL) was added to 
the sampled water (250 mL) to fix DIC and total alkalinity (TA). DIC and TA were measured using an ATT-15 
titration analyzer with about 5 μmol L −1 of precisions (Kimoto Electric Co.).

Lake Monger is located in Perth in Western Australia (South latitude 31°55′45″, East longitude 115°49′35″; 
Figure 1b). The water surface area is 0.68 km 2, the mean water depth is from 0.3 m in autumn to 1.2 m in spring, 
and the maximum depth is 2.0 m. Potamogeton crispus is the dominant aquatic vegetation in Lake Monger, 
which grows in lakes and rivers in a wide range of climates. Potamogeton crispus typically initiates growth in 
the middle of the lake densely by the beginning of spring and spreads toward the lake edges by early summer. In 
late summer, the bottom anoxia due to the dense submerged vegetation is revealed to form a ring-shaped pattern 
in P. crispus beds (Vilas, Marti, et al., 2017). Lake Monger receives inflows from various stormwater drains, and 
discharge to the groundwater is the main outflow. Therefore, the water depth does not change as substantially as 
in Komuke Lagoon. The annual mean values of nitrate nitrogen, ammonium nitrogen, and phosphate phosphorus 
are about 0.077, 0.296, and 0.118 mg L −1, respectively, which provide enough nutrients for P. crispus to grow 
into very dense stands. The maximum value of Chl. a is more than 100 μg L −1 without P. crispus, but it is less 
than 10 μg L −1 when the P. crispus canopy has fully developed, resulting in limited epiphytes on the leaves as 
a consequence. A field campaign was conducted on the 27 November 2019, which was a sunny and calm day. 
Vertical profiles of water temperature, DO, and Chl. a were measured using an AAQ-RINKO profiler, in the 
same manner as for the Komuke Lagoon. The water adjacent to the water surface (10 cm below the surface) and 
the bottom (10 cm or 20 cm above the sediment) was sampled using a hand pump without air. Mercuric chloride 
(100 μL) was added to the sampled water (100 mL), and samples were analyzed for DIC and TA using the same 
ATT-15 analyzer as used for the Komuke Lagoon measurements. TA and DIC values were calibrated against 
certified reference material (Batch AO; TA = 2,257.6 ± 0.9 μmol kg −1, and DIC = 1,987.1 ± 0.68 μmol kg −1 
from KANSO Technos, Japan).

2.2.  Laboratory Experiments and Calculations

The bulk method was used to estimate carbon dioxide flux from the water surface to the atmosphere as follows:

𝐹𝐹a = 𝑘𝑘𝑘𝑘(𝑝𝑝CO2 − 𝑝𝑝CO2air )� (1)

where 𝐴𝐴 𝐴𝐴a is the carbon dioxide flux from the water surface to the atmosphere (μmol m −2 s −1), 𝐴𝐴 𝐴𝐴 is the solubility 
of carbon dioxide (mol m −3 atm −1), 𝐴𝐴 𝐴𝐴CO2 is the partial pressure of carbon dioxide in water (μatm), 𝐴𝐴 𝐴𝐴CO2air is the 
partial pressure of carbon dioxide in the atmosphere (μatm; Weiss, 1974), and 𝐴𝐴 𝐴𝐴 is a gas exchange parameteriza-
tion (m s −1) defined as (Wannikhof, 1992)

𝑘𝑘 = 0.39𝑈𝑈 2

10

(

𝑆𝑆𝑆𝑆

660

)−0.5

� (2)

where 𝐴𝐴 𝐴𝐴10 is the wind speed at 10 m from the water surface (m s −1); 𝐴𝐴 𝐴𝐴𝐴𝐴 is the Schmidt number defined as (Jähne 
et al., 1987)

𝑆𝑆𝑆𝑆 = 𝐴𝐴 − 𝐵𝐵𝐵𝐵 + 𝐶𝐶𝐶𝐶2 −𝐷𝐷𝐷𝐷3� (3)
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where 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴 are the values empirically determined by gas type and the ratio of seawater to freshwater. 
In seawater and when the gas is carbon dioxide, 𝐴𝐴 𝐴𝐴 = 2073.1 , 𝐴𝐴 𝐴𝐴 = 125.62 , 𝐴𝐴 𝐴𝐴 = 3.6276 , and 𝐴𝐴 𝐴𝐴 = 0.043219 . In 
freshwater, 𝐴𝐴 𝐴𝐴 = 1911.1 , 𝐴𝐴 𝐴𝐴 = 118.11 , 𝐴𝐴 𝐴𝐴 = 3.4527 , and 𝐴𝐴 𝐴𝐴 = 0.04132 . 𝐴𝐴 𝐴𝐴  is water temperature (°C).

A DIC metabolism equation for Z. marina in Komuke Lagoon has been previously parameterized considering 
respiration, photosynthesis, and water temperature effects (Nakayama, Komai, et al., 2020), however, no such 
equation has been developed for P. crispus in Lake Monger. A controlled laboratory experiment was therefore 
conducted, which was then used to define the necessary coefficients for P. crispus metabolism (Section 2.3). We 
prepared a water tank filled with sampled water from Lake Monger, and 100 shoots of P. crispus were placed 
in the tank (Figure 2). The roots of P. crispus were covered with vinyl sheets to avoid oxygen consumption by 
oxygen-demanding substances contained in the sediment and DIC release from the bottom sediment. Two ther-
mometers (SERA Diver; Eijkelkamp Co., Ltd.) and two light quantum loggers (DEFI2-L; JFE Advantech Co., 
Ltd.) were employed in the water tank, recording every 10 min. The experiment was started at 6:00 p.m. on the 
28 November 2019, when photosynthesis was inactive, and continued for 48 hr. The partial pressure of carbon 
dioxide (pCO2) was measured every 5 min using a Mini CO2 sensor (Pro Oceanous Co.). Water was sampled 
3 times a day using 100 mL vial bottles with 100 μL mercuric chloride. DIC and TA were measured using an 
ATT-15 titration analyzer (Kimoto Electric Co.). The measured TA was used to determine whether TA can be 
assumed to be constant or not. DIC was estimated from pCO2 and TA obtained from water samples by using 
the chemical equilibrium equation (Zeebe & Wolf-Gladrow, 2001), which was verified by comparing DIC from 
water samples with an r 2 of 0.99. Also, we used Millero (2010) in CO2sys, suggesting no significant difference 
between Millero (2010) and Zeebe and Wolf-Gladrow (2001). Note that the calculated DIC from pCO2 and TA 
using chemical equilibrium equation could introduce error as much as 20%.

2.3.  Evaluation of Coefficients of SAV Metabolism

The equation for DIC metabolism was successfully developed by Nakayama, Komai, et al. (2020) for Z. marina 
in Komuke Lagoon, building on the work of previous studies (Beca-Carretero et al., 2018; Burkholz et al., 2019; 
Drew, 1979; Goodman et al., 1995; Holmer & Bondgaard, 2001; Marsh et al., 1986; Olesen & Sand-Jensen, 1993; 
Staehr & Borum, 2011; Touchette, 1999; Zimmerman et al., 1995, 1997). Using this approach, DIC is resolved 
as the balance of respiration and light-mediated productivity:

𝑑𝑑

𝑑𝑑𝑑𝑑
(DIC) = 𝑅𝑅Aexp

(

−
𝐸𝐸aR

𝑇𝑇w𝑅𝑅

)

− 𝑃𝑃𝜓𝜓 tanh

(

𝛼𝛼𝜓𝜓𝐼𝐼

𝑃𝑃𝜓𝜓

)

𝑅𝑅Pexp

(

−
𝐸𝐸aP

𝑇𝑇w𝑅𝑅

)

� (4)

Figure 2.  Schematic diagram of the laboratory experiment tank containing Potamogeton crisps. The laboratory experiment 
was conducted in Perth, Australia, on 28–30 November in 2019. Density of submerged aquatic vegetation (SAV) was 
2,000 shoots m −2. Mean leaf length was 0.76 m.
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where DIC (μmol kg −1) is the dissolved inorganic carbon for 100 shoots m −2, RA (μmol kg −1 hr −1) is the param-
eter for respiration, EaR (m 2 kg s −2) is the activation energy for respiration, Tw (K) is the water temperature, R 
(m 2 kg s −2 K −1) is the Boltzmann constant (1.380649 × 10 −23), Pψ (μmol kg −1 hr −1) and αψ (m 2 s kg −1 hr −1) are the 
parameters for photosynthesis, I (μmol m −2 s −1) is the photon flux density, RP is the parameter for photosynthesis, 
and EaP (m 2 kg s −2) is the activation energy for photosynthesis.

The parameters of the above DIC equation for 100 shoots m −2 in Komuke Lagoon were previously determined 
and are summarized in Table 1. For Lake Monger, the parameters for the respiration term in Equation 4, 𝐴𝐴 𝐴𝐴A and 

𝐴𝐴 𝐴𝐴aR , were obtained first by using data from the laboratory experiments (Figure 6) by assuming photosynthesis 
activity is negligible from sunset to sunrise when photon flux density is zero. Second, the parameters for photo-
synthesis were obtained by considering the daytime photon flux density and DIC change, in order to resolve 
parameters 𝐴𝐴 𝐴𝐴A and 𝐴𝐴 𝐴𝐴aR ; these are also summarized in Table 1. Dry weight was measured after heating by an 
electric oven at 105°C for 24 hr. Dried sample was ground using a mortar and pestle and elemental carbon content 
analyzed using a CHNS analyzer.

2.4.  A Simple Steady-State Two-Layer DIC Model to Estimate the Sediment DIC Flux

There is a possibility that SAV enhances stratification and thus inhibits the DIC flux between the upper and lower 
water layers (Adams et al., 2016; Nakayama, Nakagawa, et al., 2020; Vilas, Adams, et al., 2017). As a result, a 
two-layer fluid is formed, causing a significant difference in DIC between the upper and lower layers. Nakayama 
et al. (2010) demonstrated a simple two-layer model to analyze DO in an enclosed basin which we use as the 
basis to develop a conceptual DIC model for a two-layer fluid. This enabled us to investigate the vertical DIC 
fluxes and specifically allowed us to separate the bottom sediment flux from the biochemical change in DIC due 
to SAV (Figure 3).

The layer thicknesses were determined by using the vertical density profile from the field observations in 
Komuke Lagoon and Lake Monger. In the upper layer, the carbon dioxide flux between the water surface and 
atmosphere (Equation 1), the respiration and photosynthesis due to SAV (Equation 4), and the DIC flux between 
the upper and lower layers were considered. The DIC flux between the upper and lower layers, the respiration 
and photosynthesis due to SAV, and the DIC flux from the bottom sediment are included in the lower layer. The 
horizontal DIC fluxes were also included using a horizontal exchange coefficient, 𝐴𝐴 𝐴𝐴EX . Komuke Lagoon was 
covered by SAVs during field observations and therefore we set 𝐴𝐴 𝐴𝐴EX = 1.0 . However, SAVs existed patchwise 
in Lake Monger, suggesting that 𝐴𝐴 𝐴𝐴EX should be less than 1.0. Thus, the conceptual two-layer DIC model is 
proposed:

𝜌𝜌w𝑉𝑉U

𝜕𝜕(DICU)

𝜕𝜕𝜕𝜕
= −𝛼𝛼EX𝑉𝑉UNEPU + 𝜌𝜌w𝐴𝐴h𝑤𝑤eDICL − 𝐹𝐹a𝐴𝐴h� (5)

Table 1 
Parameters of the DIC Equation for Z. marina in Komuke Lagoon and P. crispus in Lake Monger

Parameters Komuke Lagoon (Nakayama, Komai, et al., 2020) Lake Monger

Leaves (shoot −1) 4 1

SAV density in laboratory experiments (shoot m −2) 100 2,000

Leaf carbon weight (g-C m −2) leaf length = 1.0 m 103 214

Carbon weight (g-C shoot −1) leaf length = 1.0 m 1.03 0.107

Leaf nitrogen weight (g-N m −2) leaf length = 1.0 m 4.4 9.5

𝐴𝐴 𝐴𝐴A (μmol kg −1 hr −1) 𝐴𝐴 1.04 × 10
17  𝐴𝐴 3 × 10

23 

𝐴𝐴 𝐴𝐴aR (m 2 kg s −2) 𝐴𝐴 1.52 × 10
−19  𝐴𝐴 2.04 × 10

−19 

𝐴𝐴 𝐴𝐴𝜓𝜓 (μmol kg −1 hr −1) 𝐴𝐴 21.5  𝐴𝐴 87.7 

𝐴𝐴 𝐴𝐴P  𝐴𝐴 2.30 × 10
7  𝐴𝐴 2.28 × 10

18 

𝐴𝐴 𝐴𝐴𝜓𝜓 (m 2 s kg −1 hr −1) 𝐴𝐴 21.5∕200  𝐴𝐴 87.7∕90 

𝐴𝐴 𝐴𝐴aP (m 2 kg s −2) 𝐴𝐴 0.69 × 10
−19  𝐴𝐴 1.71 × 10

−19 
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𝜌𝜌w𝑉𝑉L

𝜕𝜕(DICL)

𝜕𝜕𝜕𝜕
= −𝛼𝛼EX𝑉𝑉LNEPL − 𝜌𝜌w𝐴𝐴h𝑤𝑤eDICL +𝐷𝐷B𝐴𝐴h� (6)

Here, 𝐴𝐴 𝐴𝐴w is the water density (=1 kg L −1), 𝐴𝐴 𝐴𝐴EX is the horizontal exchange coefficient (−), 𝐴𝐴 𝐴𝐴U is the volume at the 
upper layer (m 3), 𝐴𝐴 NEPU is the net ecological production (NEP) at the upper layer (μmol m −3 s −1), 𝐴𝐴 𝐴𝐴h is the area of 
the boundary surface (m 2), 𝐴𝐴 𝐴𝐴e is the entrainment velocity at the boundary (m s −1), 𝐴𝐴 DICL is the DIC concentration 
at the lower layer (μmol kg −1 = 12 × 10 −3 mg L −1), 𝐴𝐴 DICU is the DIC concertation within the upper layer (μmol k
g −1 = 12 × 10 −3 mg L −1), 𝐴𝐴 𝐴𝐴a is the carbon dioxide flux between the water surface and atmosphere (μmol m −2 s −1), 

𝐴𝐴 𝐴𝐴L is the volume at the lower layer (m 3), 𝐴𝐴 NEPL is the NEP at the lower layer (μmol m −3 s −1), and 𝐴𝐴 𝐴𝐴B is the DIC 
flux from the bottom sediment (μmol m − 2 s −1). 𝐴𝐴 NEPU and 𝐴𝐴 NEPL are obtained using the equations described next, 
and 𝐴𝐴 DICU , 𝐴𝐴 DICL , and 𝐴𝐴 𝐴𝐴a were set from the field observations as outlined above. The significant point of the model 
is that the decomposition of sediment organic matter is included as the DIC flux from the bottom sediment into 
the lower layer, 𝐴𝐴 𝐴𝐴B , and remains unknown. Note that water temperature and salinity are not modeled in a manner 
similar to DIC because water temperature and salinity do not change due to the biochemical reactions and the 
horizontal fluxes are substantial.

Assuming that the DIC profile has reached a pseudo-steady-state condition, 𝐴𝐴 𝐴𝐴(DIC)∕𝜕𝜕𝜕𝜕 = 0 , Equations 7 and 8 
simplify to

0 = −𝛼𝛼EXℎUNEPU +𝑤𝑤eDICL − 𝐹𝐹a� (7)

0 = −𝛼𝛼EXℎLNEPL −𝑤𝑤eDICL +𝐷𝐷B� (8)

where 𝐴𝐴 𝐴U is the thickness of the upper layer (m) and 𝐴𝐴 𝐴L is the thickness of the lower layer (m). The significance 
of the pseudo-steady-state assumption is discussed later in Section 4.

𝐴𝐴 NEPU and 𝐴𝐴 NEPL are the temporal change in DIC due to respiration and photosynthesis due to the submerged 
aquatic plants, respectively, using the DIC metabolism equation. They are computed following Nakayama, 
Komai, et al. (2020):

� (9)NEPU = −NEPRU + NEPPU = −�U
ℎAU

ℎU
�Aexp

(

− �aR

�w�

)

+ �U
ℎAU

ℎU
�� tanh

(

−
���Uave
��

)

�P exp
(

− �aP

�w�

)

Figure 3.  Schematic diagram of a conceptual dissolved inorganic carbon (DIC) model. Here, 𝐴𝐴 𝐴U is the thickness of the upper 
layer (m) and 𝐴𝐴 𝐴L is the thickness of the lower layer (m), 𝐴𝐴 DICU is the DIC density at the upper layer (μmol kg −1), 𝐴𝐴 DICL is the 
DIC density at the lower layer (μmol kg −1), 𝐴𝐴 𝐴𝐴e is the entrainment velocity at the boundary (m s −1), 𝐴𝐴 NEPU is the net ecological 
production (NEP) at the upper layer (μmol L −1 s −1), 𝐴𝐴 NEPL is the NEP at the lower layer (μmol L −1 s −1), 𝐴𝐴 𝐴𝐴a is the carbon 
dioxide flux between the water surface and atmosphere (μmol m −2 s −1), and 𝐴𝐴 𝐴𝐴B is the DIC flux from the bottom of a lake 
(μmol s −1). 𝐴𝐴 𝐴U , 𝐴𝐴 𝐴L , 𝐴𝐴 DICU , 𝐴𝐴 DICL , and 𝐴𝐴 𝐴𝐴a are obtained from the field observations. 𝐴𝐴 NEPU and 𝐴𝐴 NEPL are given using the DIC 
equation. 𝐴𝐴 𝐴𝐴 and 𝐴𝐴 𝐴𝐴  are given 1 m, respectively.
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�
(10)

where 𝐴𝐴 𝐴𝐴Uave and 𝐴𝐴 𝐴𝐴Lave are average photon flux density in the upper or lower layers (μmol m −2 s −1), 𝐴𝐴 𝐴𝐴U and 𝐴𝐴 𝐴𝐴L are 
the proportion of SAV density compared to the laboratory experiment in the upper or lower layers, 𝐴𝐴 𝐴AU and 𝐴𝐴 𝐴AL 
are the length of submerged aquatic plants in the upper or lower layers (m), 𝐴𝐴 NEPRU and 𝐴𝐴 NEPRL are the change 
in DIC due to respiration by SAV in the upper or lower layers (μmol kg −1 s −1), and 𝐴𝐴 NEPPU and 𝐴𝐴 NEPPL are the 
change in DIC due to photosynthesis by submerged aquatic plants in the upper or lower layers (μmol kg −1 s −1).

The mean photon flux density in the upper and lower layers is given by (Nakayama, Komai, et al., 2020)

𝐼𝐼Uave = 𝐼𝐼0
1

ℎU ∫
ℎaU

0

exp[−𝑘𝑘E(ℎU − 𝑧𝑧)]𝑑𝑑𝑑𝑑� (11)

𝐼𝐼Lave = 𝐼𝐼0
1

ℎL ∫
ℎaL

0

exp[−𝑘𝑘E(ℎU + ℎL − 𝑧𝑧)]𝑑𝑑𝑑𝑑� (12)

where 𝐴𝐴 𝐴𝐴0 is the solar irradiance (μmol m −2 s −1), 𝐴𝐴 𝐴𝐴E (=0.5) is the extinction coefficient (m −1), 𝐴𝐴 𝐴U is the thickness of 
the upper layer (m), and 𝐴𝐴 𝐴aU and 𝐴𝐴 𝐴aL are the existence length of submerged aquatic plants from the bottom of the 
upper layer and lower layer, respectively.

The unknown values are the entrainment velocity (we) and DIC flux from the bottom sediment in Equations 7 
and 8. To solve for these, we first obtain the entrainment velocity from Equation 7, and then calculate the DIC 
flux from the bottom sediment from Equation 8.

2.5.  A Dynamic SiDIC Model Considering SAV

In the previous Section 2.4, the conceptual basis for the two-layer model was developed, and, under the assump-
tion of steady-state conditions, the DIC flux from the bottom sediment was resolved by using the sampling results 
from the upper and lower layers. From the viewpoint of climate change, it is necessary to develop a model that can 
simulate long-term projection to investigate carbon dioxide flux considering anthropogenic carbon emissions, 
which would enable us to obtain and interpret more detailed information, such as the vertical profile of DIC. 
Therefore, we extend the above analysis to develop a spatially (horizontally) integrated DIC (SiDIC) numeri-
cal model suitable for shallow water areas, which is able to clarify the vertical and temporal changes of DIC. 
The base model is a three-dimensional environmental model, Fantom (Nakayama, Sato, et al., 2020; Nakayama 
et al., 2014, 2016). The governing equation is the Navier-Stokes equation, and object-oriented programming is 
used. A generic length-scale equation model was also employed to evaluate how the vertical mixing affected the 
water’s mass and energy transport (W. P. Jones & Launder, 1972; Umlauf & Burchard, 2003). We applied the 
fully coupled hydrodynamic-SAV model, based on the discrete element method (DEM), considering the drag, 
lift, friction and elastic forces, and buoyancy, to resolve vegetation motion (Nakayama, Nakagawa, et al., 2020). 
Using the DEM approach, each leaf can be divided into connected separate segments, which together are used to 
compute the Lagrangian blade dynamics (Figure 4b). All forces associated with the interaction with the flow are 
assumed to apply at the node that connects each segment to obtain node velocities with a limiting condition of 
a segment length. The SAV model maps the flow velocity from the hydrodynamic model cell at the appropriate 
location, and returning the friction and drag terms to the Fantom accordingly.

In Komuke Lagoon, the density of Z. marina is 25 shoots m −2, meaning that ∼500 shoots should be considered 
in one vertical column. Nakayama, Nakagawa, et al. (2020) revealed that the time step for the simulation of SAV 
with individual shoot motion resolved should be about 0.050 s, which for a field-scale simulation would create 
an excessive runtime cost (Figure 4c). Therefore, in this study, we introduce a grid-integrated SAV (GiSAV) 
model, whereby 500 submerged aquatic plants (shoots) are integrated into one bulk unit in each grid (Figure 4d). 
Namely, numerous SAVs in each column move due to waves and current and react to the flow in the same way 
by assuming that the external force is given equally in each column. In this approach, the force from the flow 
to a GiSAV unit is given the same as in the original hydrodynamic-SAV model; however, the feedback from the 
GiSAV to the flow is upscaled based on the actual shoot number, meaning that the force from the GiSAV to the 
flow was given by multiplying the drag from a single shoot by the actual shoot number per cell. For example, if 

NEPL = −NEPRL + NEPPL = −𝑘𝑘L

ℎAL

ℎL

𝑅𝑅A exp

(

−
𝐸𝐸aR

𝑇𝑇w𝑅𝑅

)

+ 𝑘𝑘L

ℎAL

ℎL

𝑃𝑃𝜓𝜓 tanh

(

−
𝛼𝛼𝜓𝜓𝐼𝐼Lave

𝑃𝑃𝜓𝜓

)

𝑅𝑅P exp

(

−
𝐸𝐸aP

𝑇𝑇w𝑅𝑅

)
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100 SAVs are integrated into one GiSAV unit within a vertical column, the drag force from one GiSAV to the 
horizontal and vertical velocity components is given by multiplying the actual shoot number (=100). To ensure 
the total drag imparted on the fluid using the GiSAV model was equivalent to the SAV model, numerical simula-
tions were conducted, giving 500 SAVs in each column. The validity of the GiSAV model approach was verified 
by comparing it with the 500 SAV model results.

In addition to the effect of SAV on the flow velocities, the model resolves the DIC concentration and, aside from 
advection and mixing, resolves the change in DIC in each cell due to the SAV based on Equation 4 and DIC flux 
from the bottom sediment and atmospheric exchange. Photon density flux and water temperature are necessary 
to compute the change in DIC using Equation 4, in which water temperature was given from the Fantom at the 
appropriate cell location of SAV’s node. Photon density flux was computed using the extinction coefficient 
based on the field observations, meaning that the photon density flux was the maximum at the water surface and 
decreased with the water depth exponentially. The simple steady-state two-layer DIC model results gave DIC flux 
from the bottom sediment. DIC flux for the atmospheric exchange was given from the field observation results 
using Equation 1.

To investigate the effect of leaf length on DIC, the SiDIC model was applied to Komuke Lagoon using field 
observations at St. J, St. P, and St. Q on the 22 July in 2019, because the ratio of leaf length to total water depth 
ranged from 0.24 to 1.0 at those locations. The field observations in August 2018 were not used, because the wind 
speed was too high to investigate the effect of the SAV on the process of stratification. Since Fantom reproduces 
a three-dimensional domain combining vertical columns horizontally, we prepared four straight columns using 
a sizable horizontal grid size (Figure 4a). The grid sizes were 100 m in the longitudinal direction and 0.2 m in 
spanwise width. The vertical cell height was given 0.05 m. Because a sizable horizontal grid size was applied, 
the hydrostatic assumption was used, and a time step of 10.0 s was applied. The limitation of the hydrostatic 
assumption was investigated, resulting in the high applicability of the hydrostatic model when wind stress is 
given at the water surface without causing significant wind waves (Matsumoto et al., 2020). Note that unsteady 
unidirectional current may also induce nonhydrostatic pressure, which could play a role in the bend of leaf blades 

Figure 4.  Spatially integrated dissolved inorganic carbon (SiDIC) model. Dotted lines indicate the boundary of cells in each 
column. (a) Computational domain for SiDIC model. (b) Schematic diagram of submerged aquatic vegetation (SAV) model. 
Blue and black arrows indicate forces from flow to SAV and from SAV to flow. (c) Original SAV model: all SAVs must be 
modeled in each column. (d) Grid-integrated SAV (GiSAV) mode: a bundle of submerged aquatic plants is integrated into one 
SAV bulk unit in each column.
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and the change in velocity inside SAV meadows, however, we assumed this effect to be relatively insignificant 
for the comparisons being undertaken in this study. DIC was assumed not to change in the spanwise direction. 
In this study, SAV consisted of 5 cm segments. Numerical simulations were carried out from 3:00 on the 22 July 
2019 to analyze the field observations at 13:00 on the 22. The initial condition was given by assuming that the 
water was vertically well mixed during nighttime. The water temperature and DIC values were determined by 
considering that the values are similar to those without SAVs. Note that the initial DIC may be slightly too small 
because of the respiration during nighttime. Meteorological data were obtained by field observation (Automatic 
Meteorological Data Acquisition System of Japan Meteorological Agency) at Monbetsu and Abashiri stations 
(available from https://www.jma.go.jp/jma/en/Activities/observations.html), and the density of SAV was given 
as 25 shoots m −2 based on our field observations.

Furthermore, we attempted to investigate the hourly change in DIC by giving several different conditions regard-
ing leaf length and wind speed, assuming the conditions of Z. marina. Three leaf lengths were used, 0.5, 1.0, and 
1.5 m, with a total water depth of 1.5 m. Also, three different wind speeds were used, 2, 4, and 6 m s −1. In addi-
tion, since the process of stratification is associated with wind speed and the density of submerged aquatic plants, 
we considered three densities of SAV shoots: 100 shoots, m −2 (10 cm spatial interval), 25 shoots, m −2 (20 cm 
spatial interval), and 11 shoots, m −2 (30 cm spatial interval). A total of 27 simulations were therefore examined, 
and each was run for 4 days by giving diurnal external forcing, with the last day as used for the investigation. To 
interpret the influence of hourly DIC changes on pCO2, we computed pCO2 by assuming that the maximum pCO2 
was 300, 400, and 500 μatm when the maximum DIC occurred. Three different maximum pCO2 was given by 
changing the value of TA and can enable us to understand the uncertainty of pCO2 fluctuations due to the initial 
setups. Note that DIC flux from the bottom sediment was set as 518.4 mg-C m −2 day −1.

3.  Results
3.1.  Influence of SAV on Stratification and DIC

The ratios of the length of Z. marina to the total water depth were 0.7 m/1.1 m, 1.1 m/1.0 m, and 0.3 m/1.25 m at 
St. J, St. P, and St. Q of Komuke Lagoon in 2019, respectively, enabling us to estimate the effect of SAV height 
on stratification. Therefore, St. J, St. P, and St. Q were chosen to show the influence of SAV on stratification 
(Figure 5 and Table 2). Salinity was vertically and horizontally uniform and 33.4–34.1 excluding St. K in the 
entire Komuke Lagoon in both field observations in 2018 and 2019, suggesting that there is little effect of salinity 
change on DIC and TA because the seawater exchange between Komuke Lagoon and the Okhotsk Sea is larger 
than inflow discharge and dominates salinity in the entire lagoon. As the average wind speed during the field 
observation was 3.5 m s −1, the shortest leaf length condition was well mixed and had vertically uniform water 
temperature, excluding a slight decrease in water temperature in the region from the bottom to a head of 0.2 m 
at St. Q. Although the leaf length was short at St. Q, DO was about 150% due to the photosynthesis of SAV. At 
St. J, where the leaf length is 0.7 m in a total water depth of 1.1 m, water temperature decreased significantly at a 
water depth of 0.5 m, suggesting that submerged aquatic plants enhanced the process of stable stratification. The 
stable stratification suppresses the vertical flux of DO between the upper and lower layers, resulting in a substan-
tial increase in DO in the lower layer, excluding DO values adjacent to the bottom due to the consumption of 
DO by ecosystem respiration near the bottom sediment. At St. P, where the Z. marina reached the water surface, 
submerged aquatic plants reduced the energy contributed by wind, and the mixing depth was 0.4 m. Because SAV 
reached the water surface at St. P, DO had a higher percentage compared to the other stations. Unlike in 2019, 
there was no apparent stratification in 2018, because the average wind speed was more than 5.0 m s −1.

Regarding pCO2 estimated from DIC and TA in the upper layer in Komuke Lagoon, the value was 40.1 μatm at 
the water surface of St. P in 2019, where the Z. marina reached the water surface (Table 2). Hu and Cai (2013) 
and Simpson et al. (2022) revealed that DO, pH, and pCO2 change in tandem in response to biological metabo-
lism. The saturation of DO was more than 250% (more than 16 mg L −1) at St. P, a higher percentage than other 
stations. This significant autotrophic condition reduces DIC, which lowers the pCO2 more than the other stations. 
The second lowest pCO2 was 103 μatm at St. J with a saturation of DO of 195% (more than 13 mg L −1), which is 
higher than 150% (more than 10 mg L −1) at St. Q with the pCO2 of 278 μatm. The value of the saturated DO was 
8 mg L −1. The smaller the leaf length ratio to the total water depth, the greater pCO2 adjacent to the water surface. 
For example, the partial pressures of carbon dioxide were 354.5 and 278.2 μatm at St. F and St. Q, respectively, 
where the leaf length is less than half of the total water depth. Although the leaves reached the water surface at all 
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stations of Komuke Lagoon in 2018, the spatial density of the Z. marina was smaller than in 2019, resulting in a 
slightly larger pCO2 in 2018. For example, the smallest pCO2 in the upper layer was 120.4 μatm in 2018 compared 
to 40.1 μatm in 2019. However, carbon dioxide flux at the water surface was more significant in 2018 than in 
2019 because the average wind speed in 2018 was greater than that in 2019.

In comparison to Komuke Lagoon, pCO2 was smaller in Lake Monger (Table 3). We confirmed that the pCO2 
values by Zeebe and Wolf-Gladrow (2001) almost agreed with those by Millero (2010) (Dickson, 1990; Dickson 
et al., 2007; Lewis & Wallace, 1998; van Heuven et al., 2011). The estimated pCO2 by Zeebe was 12.1 μatm 
larger than Millero in Komuke Lagoon on average and 4.9 μatm larger in Lake Monger. At St. K7, where the 
leaves reached the water surface, pCO2 was 4.8 μatm. Even at St. K1, where there was no P. crispus, pCO2 was 
18.7 μatm. The saturation of DO was 201% at St. K7, a higher percentage than the other stations, coincident with 
the lowest pCO2 among all stations. The second lowest pCO2 was 7.1 μatm at St. K5, with a saturation of DO of 

Figure 5.  Vertical profile of water temperature, dissolved oxygen (DO), and pCO2 measured at (a) St. J, (b) St. P, and (c) St. Q in Komuke Lagoon on the 22 July 2019, 
and at (d) St. K1 and (e) St. K5 in Lake Monger on the 27 November 2019. Green broken lines show the top height of the submerged aquatic vegetation (SAV) canopy.
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Table 3 
Total Water Depth, Leaf Length, Water Temperature, Salinity, Dissolved Oxygen, Carbonate Chemistry Parameters, pCO2, and 𝐴𝐴 𝐴𝐴a in Lake Monger (27 November 
2019)

Station St. K1 St. K3 St. K4 St. K5 St. K7

Total water depth (m) 1.00 1.00 0.95 0.85 0.82

Leaf length (m) 0.00 0.70 0.55 >0.85 >0.82

Water temperature (℃) Upper 24.6 25.5 25.4 25.6 25.4

Lower 24.0 24.6 24.8 23.2 23.1

Salinity Upper 0 0 0 0 0

Lower 0 0 0 0 0

DO (mg L −1) Upper 8.7 10.9 10.8 15.3 16.5

Lower 8.1 12.6 11.8 16.3 18.2

DO (%) Upper 106 133 133 189 201

Lower 97 152 144 192 214

DIC (μmol kg −1) Upper 1,504 1,453 1,454 1,365 1,334

Lower 1,487 1,439 1,448 1,352 1,305

TA (μmol kg −1) Upper 2,063 2,081 2,086 2,096 2,137

Lower 2,074 2,077 2,080 2,101 2,135

pCO2 by Zeebe and 
Wolf-Gladrow (2001) (μatm)

Upper 20.3 14.7 14.4 8.0 5.4

Lower 17.2 13.2 13.8 6.4 3.9

pCO2 by Millero (2010) (μatm) Upper 11.1 8.4 8.2 5.0 3.7

Lower 9.4 7.6 7.9 4.1 2.8

𝐴𝐴 𝐴𝐴a (mg-C m −2 day −1) −89 −69 −70 −70 −71

𝐴𝐴 NEPU (mg-C m −3 day −1) 0 15,688 14,916 39,662 38,782

𝐴𝐴 NEPL (mg-C m −3 day −1) 0 35,421 36,238 30,128 29,777

𝐴𝐴 𝐴𝐴EX = 0.05  𝐴𝐴 𝐴𝐴e (m/s) −4.49 × 10 −8 a 2.16 × 10 −7 2.76 × 10 −7 6.57 × 10 −7 5.20 × 10 −7

𝐴𝐴 𝐴𝐴B (mg-C m −2 day −1) −69 a 1,208 958 1,448 1,329

𝐴𝐴 𝐴𝐴EX = 0.10  𝐴𝐴 𝐴𝐴e (m/s) −4.49 × 10 −8 a 4.79 × 10 −7 5.99 × 10 −7 1.38 × 10 −6 1.09 × 10 −6

𝐴𝐴 𝐴𝐴B (mg-C m −2 day −1) −69 a 2,485 1,987 2,966 2,730

 aThe conceptual DIC model is not applicable.

Figure 6.  Laboratory experiment results assessing dissolved inorganic carbon (DIC) response of P. crispus. (a) pCO2. Black and orange lines show measured and 
estimated pCO2. (b) Photon flux density (black solid lines) and water temperature (red dotted lines). Productivity estimation of P. crispus was computed using these 
data by Equation 11.
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189%. Therefore, we conjecture that SAV plays a significant role in reducing pCO2 across the entire basin of Lake 
Monger, a freshwater lake, even though SAVs existed patchwise, suggesting that the horizontal exchange coeffi-
cient should be less than 1.0. Furthermore, it is expected that the horizontal flux of DIC at St. K1 is too large to 
be negligible, and the conceptual DIC model is not applicable at St. K1 because NEP is too low.

Note that the spatial density of Z. marina was about 25 shoots m −2 in Komuke Lagoon, and the spatial density 
of P. crispus was about 2,000 shoots m −2 in Lake Monger. The spatial density of SAVs was measured by using 
the underwater camera at several locations. The leaf dry weight and carbon weight were about 70 g m −2 m −1 and 
20 g-C m −2 m −1 in Komuke Lagoon. Also, the leaf dry weight and carbon weight were about 547 g m −2 m −1 
and 213 g-C m −2 m −1 in Lake Monger. The dry weight was measured after heating by an electric oven at 105°C 
for  24 hr.

3.2.  Estimation of Coefficients of the DIC Equation in Lake Monger

Photon density flux was negligible from the sunset at 6:00 p.m. on the 28 to 1:00 p.m. on the 29 November in 
2019, increasing pCO2 up to about 230 μatm due to the respiration effect of P. crispus (Figure 6). Then, pCO2 
decreased rapidly from 1:00 p.m. to sunset at 6:00 p.m. A similar change in pCO2 occurred from 6:00 a.m. to 
1:00 p.m. on the 30. The different decrease gradients of pCO2 between the 29 and 30 were caused by the water 
temperature differences. The water temperature on the 29 increased from 20°C to 35°C for 2 hr. However, it took 
6 hr for the water temperature to increase from 17°C to 35°C on the 30.

Since TA was confirmed not to vary significantly among the water samples, 2,190 ± 20 μmol kg −1, TA in the 
experimental tank was assumed to be 2,200 μmol kg −1 during the laboratory experiments. The parameters of the 
DIC equations for 2,500 shoots m −2 were estimated using pCO2 from 6:00 p.m. on the 28 to 1:00 p.m. on the 29, 
a period when photosynthesis activity was negligible. Values for 𝐴𝐴 𝐴𝐴A and 𝐴𝐴 𝐴𝐴aR were obtained by assuming that the 
increase in DIC from 6:00 p.m. on the 28 to 1:00 p.m. on the 29 when photosynthetic activity is negligible as 
indicated by Equation 13. Since the DIC estimated using the measured pCO2 fluctuated with high frequency, 𝐴𝐴 𝐴𝐴A 
and 𝐴𝐴 𝐴𝐴aR were determined to fit the overall values (Figure 6a).

𝑅𝑅Aexp

(

−
𝐸𝐸aR

𝑇𝑇w𝑅𝑅

)

=
𝑑𝑑

𝑑𝑑𝑑𝑑
(DIC)� (13)

The parameters for respiration were obtained as 𝐴𝐴 𝐴𝐴A = 3 × 10
23  μmol kg −1 hr −1 and 𝐴𝐴 𝐴𝐴aR = 2.04 × 10

−19  m 2 kg s −2 
(Table 1). And then, the parameters for photosynthesis, 𝐴𝐴 𝐴𝐴𝜓𝜓 , were obtained by Equation 14 using 𝐴𝐴 𝐴𝐴A and 𝐴𝐴 𝐴𝐴aR , and 
the photon flux density from 1:00 p.m. to 6:00 p.m. on the 29. Since 𝐴𝐴 𝐴𝐴𝜓𝜓 is an unknown parameter in Equation 14, 
we estimated 𝐴𝐴 𝐴𝐴coef and 𝐴𝐴 𝐴𝐴aP by giving many different values of 𝐴𝐴 (𝛼𝛼𝜓𝜓∕𝑃𝑃𝜓𝜓 ) to obtain the best fit with the laboratory 
experiments by trial and error. Lastly, 𝐴𝐴 𝐴𝐴𝜓𝜓 is obtained from Equation 15, which also gives 𝐴𝐴 𝐴𝐴𝜓𝜓 from 𝐴𝐴 (𝛼𝛼𝜓𝜓∕𝑃𝑃𝜓𝜓 ) .

𝑃𝑃coef exp

(

−
𝐸𝐸aP

𝑇𝑇w𝑅𝑅

)

=

[

𝑅𝑅Aexp

(

−
𝐸𝐸aR

𝑇𝑇w𝑅𝑅

)

−
𝑑𝑑

𝑑𝑑𝑑𝑑
(DIC)

]

∕tanh

(

𝛼𝛼𝜓𝜓𝐼𝐼

𝑃𝑃𝜓𝜓

)

� (14)

𝑃𝑃coef = 𝑃𝑃𝜓𝜓𝑅𝑅P, and𝑅𝑅P = exp

[

𝐸𝐸aP

(273 + 20)𝑅𝑅

]

� (15)

The parameters for photosynthesis were obtained as 𝐴𝐴 𝐴𝐴𝜓𝜓 = 87.7   μmol  kg −1  hr −1, 𝐴𝐴 𝐴𝐴P = 2.28 × 10
18 , 

𝐴𝐴 𝐴𝐴𝜓𝜓 = 87.7∕90  m 2 s kg −1 hr −1, and 𝐴𝐴 𝐴𝐴aP = 1.71 × 10
−19  m 2 kg s −2 (Table 1). To verify the parameters, we applied 

the developed DIC equation to reproduce pCO2 from 6:00 a.m. to 0:00 p.m. on the 29, showing the high applica-
bility of the DIC equation. Note that the optimal photon density flux was 90 μmol m −2 s −1 in Lake Monger and 
200 μmol m −2 s −1 in Komuke Lagoon, indicating P. crispus makes a greater contribution to photon density flux 
than Z. marina.

3.3.  Estimation of DIC Flux From the Bottom Sediment Using the Steady-State Two-Layer DIC Model 
Considering SAV

To obtain DIC flux from the sediment, we first obtained the entrainment velocity (we) from Equation 7 and then 
calculated the DIC flux from the sediment from Equation 8 because these two parameters from sediments in 
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Equations 7 and 8 were unknown values. The extinction coefficient was given by considering the field obser-
vations, ranging from 1.0 to 2.5 m −1, to apply the conceptual DIC model to estimate DIC flux from the bottom 
sediment in Komuke Lagoon (Table 2). In 2018, since the leaves reached the water surface at all stations and the 
average wind speed was more than 5.0 m s −1, net ecosystem production was almost the same in the upper and 
lower layers at all stations. DIC flux from the bottom sediment at St. B was the smallest, and the largest flux was 
at St. J. The total water depth at St. B was the smallest, which may suggest that organic matter is easily resus-
pended and accumulates less than in deeper areas. Therefore, DIC flux from the bottom sediment at St. B might 
be the smallest among all stations.

In Lake Monger, because the DIC flux from the bottom sediment should be positive, we found that the concep-
tual DIC model cannot be applied to the station with no SAV at St. K1, as mentioned in Section 3.1 (Table 3). 
The NEP in the upper layer at St. K5 and St. K7, where P. crispus reached the water surface, was the largest at 
40,108–38,781 mg-C m −3 day −1. Since P. crispus existed patchwise, the horizontal exchange coefficients were 
applied based on the patch are in Lake Monger, 𝐴𝐴 𝐴𝐴EX = 0.05 and 𝐴𝐴 𝐴𝐴EX = 0.10 . The SAV abundance ratio along 
the field observation line from St. K1 to St. K7 was 20%–30%, respectively, suggesting that the occupancy of 
SAVs in Lake Monger was about 5% (=0.2 2) to 10% (=0.3 2). The DIC flux from the bottom sediment was the 
largest at St. K5 and St. K7, at 1,329–1,448 mg-C m −2 day −1 and 2,730–2,966 mg-C m −2 day −1, where the leaf 
ratio to the depth was 1.0. In contrast, the levels of DIC flux from the bottom sediment at St. K3 and St. K4 
were 958–1,208 mg-C m −2 day −1 and 1,987–2,485 mg-C m −2 day −1, with ratios of leaf length to water depth of 
0.7 m/1.0 m and 0.55 m/0.95 m, respectively. Therefore, the smaller the ratio of leaf length to total water depth, 
the less the DIC flux from the bottom sediment, which is similar to the relation between the ratio and DIC flux 
at Komuke Lagoon.

3.4.  Application of the SiDIC Model

Among 15 station data sets in Komuke Lagoon and Lake Monger, we attempted to analyze the conditions in which 
stratification occurred clearly. If there is no stratification due to strong wind or no SAVs, it is easy to predict DIC 
and does not need to conduct numerical simulations. Therefore, since we aim to investigate the photosynthesis 
effect on carbon dioxide using numerical simulations, we picked up the stations where the SAVs existed with 
obvious stratifications. The vertical water temperature profiles agreed well with the field observations at all 
stations using the SiDIC model (Figure 7). Numerical simulations showed that the stratification at St. P, where 
the leaves reached the water surface, was weaker than that at St. J, which was similar to the conclusion based on 
the field observations. Also, the water temperature profile agreed well with the field observations under the short-
est leaf condition of St. Q. Moreover, the computed DIC agreed well with the water sample values (Figure 7), 
suggesting the significance of leaf length for the process of stratification and DIC even when the external forces, 
such as meteorological conditions, are the same. Note that 𝐴𝐴 𝐴𝐴EX = 0.05 was used at St. K5 in Lake Monger.

Numerical simulation results regarding the hourly change in DIC with a total water depth of 1.5 m showed the 
significant fluctuation of DIC and water temperature at the water surface between the daytime and nighttime. 
We define the difference between the maximum and minimum DIC as DICd. All cases indicated the increase 
in DICd with increasing leaf length (Figure 8). In cases where the leaf length was 0.5 m, the higher wind speed 
increased DICd more, excluding the density condition of the smallest submerged aquatic plants. In cases where 
the leaf length was 1.0 m, the mixing depth increased with increasing wind speed, resulting in an enhancement 
of photosynthesis in the mixing depth and an increase in DICd (Figure 8). To investigate the effect of stratifica-
tion on carbon capture, we computed the Brunt-Väisälä frequencies. The mean Brunt-Väisälä frequencies were 
12.0 × 10 −5, 9.3 × 10 −5, and 7.2 × 10 −5 s −1 for wind speeds of 2, 4, and 6 m s −1 under 100 shoots m −2 conditions, 
meaning that stronger wind enhanced vertical mixing, increasing the mixing depth above SAV. Note that a similar 
tendency was confirmed under the other SAV density conditions. In contrast to the cases with 1.0 m leaf length, 
DICd was not linked with wind speed in the cases with 1.5 m leaf length. In the cases with 1.5 m leaf length, 
when the density of SAV was 100 shoots m −2 (10 cm spatial interval), DICd was the maximum at 150 μmol kg −1. 
DICd was significantly correlated with the density of the SAV in the cases with 1.5 m leaf length (r 2 = 0.9995, 
p value = 0.7E−12).

To clarify the fluctuations of pCO2 due to hourly DIC changes, we gave three different maximum pCO2, 300, 400, 
and 500 μatm when the maximum DIC occurred (Figure 9). The change in pCO2 was the larger when the pCO2 
was 500 μatm, demonstrating that the smaller the TA values, the larger the pCO2 varies. When the density of SAV 
was 100 shoots m −2, pCO2 decreased to a minimum value of about 78 μatm (Figure 9c). In cases with an SAV 
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density of 11 shoots m −2 and a leaf length of 0.5 m, the fluctuation was at a minimum of about 30 μatm. However, 
the other cases showed a fluctuation of more than 60 μatm, suggesting the importance of considering an hourly 
change in DIC. In general, the density of Z. marina is more than 25 shoots m −2 (20 cm spatial interval), and 
the leaf length and the total water depth ratio is more than 0.5 (e.g., Dennison & Alberte, 1985). Consequently, 
our study may suggest that the hourly change in DIC affects carbon dioxide flux estimation significantly. Field 
observation is usually conducted during the daytime, and such daytime observation may overestimate carbon 
capture if the fluctuation of pCO2 is neglected. Note that the larger the pCO2 during nighttime, the larger the 
pCO2 decreases during daytime.

Figure 8.  Daily change in dissolved inorganic carbon (DIC), difference between the maximum and minimum DIC (DICd). Three different wind speeds are given, 2, 4, 
and 6 m s −1. Density of submerged aquatic vegetation (SAV) is (a) 11 shoots m −2, (b) 25 shoots m −2, and (c) 100 shoots m −2.

Figure 7.  Numerical simulations and field observations in Komuke Lagoon on 22 July in 2019 and Lake Monger on 27 November in 2019. Green broken lines show 
the leaf top of submerged aquatic vegetations (SAVs). Water temperature in Komuke Lagoon at (a) St. J, (b) St. P, and (c) St. Q. Dissolved inorganic carbon (DIC) in 
Komuke Lagoon at (e) St. J, (f) St. P, and (g) St. Q. (d) Water temperature in Lake Monger at St. K5. (h) DIC in Lake Monger at St. K5.
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4.  Discussion
The spatial density of P. crispus was about 2,000 shoots m −2 in Lake Monger, and the spatial density of Z. marina 
was about 25 shoots m −2 in Komuke Lagoon, respectively. Noting that the dry weights for a single shoot were 
0.27 and 3.67 g m −1 in Lake Monger and Komuke Lagoon, respectively, the increase rate of DIC for a single shoot 
at 20°C due to respiration in Komuke Lagoon was 2.65 (=0.0500 μmol kg −1 hr −1 shoot −1/0.0188 μmol kg −1 hr −1 
shoot −1) times greater than that in Lake Monger due to respiration. The reduction rate of DIC for a single shoot at 
20°C due to photosynthesis with a photon density flux of 1,000 μmol m −2 s −1 in Komuke Lagoon was 4.41 (=0.19
3 μmol kg −1 hr −1 shoot −1/0.0438 μmol kg −1 hr −1 shoot −1) times that reported for Lake Monger. Therefore, the dry 
weight is one of the significant factors controlling respiration and photosynthesis due to SAVs (Lee et al., 2007). 
Note that the effect of the attached organisms on leaves is negligibly small on the partial pressure of carbon diox-
ide in Komuke Lagoon and Lake Monger but not negligible in some other lakes and lagoons. Therefore, epiphytic 
organisms’ effect on carbon absorption needs to be investigated in future studies.

In Lake Monger, St. K1 and St. K5 were chosen to examine the influence of SAV on stratification (Figure 5 and 
Table 3). The ratios of the P. crispus leaf length to the total water depth were 0.0 m/1.0 m and 0.85 m/0.85 m at 
St. K1 and St. K5. A slight water temperature pycnocline existed at 0.5 m from the bottom at St. K1, even though 
there was no P. crispus because of the weak wind strength of 2.0 m s −1. DO was not almost consumed, suggesting 
that there was no influence of phytoplankton. Chl. a was about 3.0–5.0 μg L −1. In contrast, an apparent decrease 
in water temperature appeared at 0.5 m from the bottom at St. K5, where the submerged aquatic plants reached the 
water surface. DO was about 200% (more than 15 mg L −1) at St. K5, which might have been due to the photosyn-
thesis of P. crispus, and DO just below the pycnocline was at the maximum due to the suppression of vertical DO 
flux between the upper and lower layers. The value of the saturated DO was 9 mg L −1. However, the closer to the 
bottom, the lower the DO at St. K5. Valis et al. (2017a, 2017b) found that DO is likely to decrease in Lake Monger 
due to the consumption of DO by the accumulated organic matter at the lake bottom. Vilas, Adams, et al. (2017) 
revealed that P. crispus grew luxuriantly in summer, and the residence time of water inside submerged aquatic 
plants became longer, enhancing the occurrence of anoxia at the center of a P. crispus meadow and resulting in 
the occurrence of a ring-shaped pattern.

In 2019 at St. P of Komuke Lagoon, where the leaves reached the water surface, NEP was the largest in the upper 
and lower layers (Table 2). The smaller the ratio of the leaf length to the total water depth, the lower the NEP in 
the upper layer. The ratios were 0.7 m/1.1 m, 1.1 m/1.0 m, and 0.3 m/1.25 m at St. J, St. P, and St. Q, where the 
NEPs in the upper layer were 395, 1,209, and 60 mg-C m −3 day −1, respectively. DIC flux from the bottom sedi-
ment at St. P was the largest at 1,036 mg-C m −2 day −1. Because the smallest DIC flux was 270 mg-C m −2 day −1 at 
St. Q, suggesting the shorter the leaf length, the smaller the DIC flux from the bottom sediment, the exuberance 
of Z. marina may enhance the accumulation of organic matter at the bottom, resulting in the observe increase 
in DIC flux from the bottom sediment (Adams et al., 2016). Note that since Chl. a was about 2.0–6.0 μg L −1, 
phytoplankton might not affect the increase in DO, and the supersaturated DO was expected to be due to the 
photosynthesis of Z. marina (Lin et al., 2022).

Figure 9.  Maximum and minimum pCO2 in a day. Wind speed is 6 m s −1. Blue, green, and yellow squares indicate the maximum pCO2 of 300, 400, and 500 μatm 
when the maximum dissolved inorganic carbon (DIC) occurred. Density of submerged aquatic vegetation (SAV) is (a) 11 shoots m −2, (b) 25 shoots m −2, and (c) 100 
shoots m −2.
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A numerical simulation model, the SiDIC model, was successfully applied to reproduce the vertical profile of 
water temperature and DIC in Komuke Lagoon and Lake Monger. As the eelgrass population is widely distributed 
in Komuke Lagoon, whose spatial scale is more than a few hundred meters, it was possible to apply the SiDIC 
model by assuming the spatially steady state without any influence outside of the seagrass meadow. Conversely, 
P. crispus grows densely, but they existed patchwise in Lake Monger because we conducted the field observation 
in early summer. The spatial scale was about tens of meters, meaning the exchange of water inside and outside of 
P. crispus meadow may not be negligible. Thus, we needed to use an unknown parameter, 𝐴𝐴 𝐴𝐴EX , to simulate DIC, 
signifying the limitation of the SiDIC model application to SAV meadows. Indeed, Chen et al. (2013) revealed 
that the mixing layer is fully developed at a distance from the leading edge of the meadow, which is a function 
of mean horizontal velocity, the shear-length scale, and friction velocity, meaning that the horizontally uniform 
assumption is available when the horizontal scale of SAV meadows is longer than Chen’s scale. Therefore, we 
may suggest being careful about the horizontal scale of SAV meadows when we apply the SiDIC model to inves-
tigate the vertical flux of DIC.

The durations of photon flux density have been used to evaluate the rate of eelgrass production (Dennison & 
Alberte, 1982, 1985). This may suggest that pCO2 varies hourly during 1 day. Therefore, we carried out our 
simulation over 2 days, using the meteorological data on the 22 July 2019 at St. P to understand the fluctuation 
of pCO2. The meteorological and other conditions on the second day were considered to be the same as those on 
the first day to obtain stable fluctuations. Water temperature at the water surface reached about 30°C during the 
daytime and decreased to about 27°C during the nighttime. In contrast, DIC increased to about 1,390 μmol kg −1 
from 8:00 p.m. on the first day to 7:00 on the second day. Then, DIC decreased to about 1,340 μmol kg −1 at 8:00 
p.m. In a case with TA of 1,572 μmol kg −1, the maximum and minimum pCO2 were 400 and 322 μatm during 
the nighttime and daytime, respectively, indicating the crucial hourly fluctuation of DIC and the necessity of 
evaluating carbon dioxide flux, including the hourly change in DIC. If the nighttime pCO2 is more than 400 μatm, 
such as 500 μatm, pCO2 decreases slightly more than 78 μatm during the daytime (Figure 9). In contrast, if the 
nighttime pCO2 is 300 μatm, pCO2 decreases slightly less than 78 μatm during the daytime, suggesting that the 
smaller the TA, the larger the pCO2 varies. However, the sensitivity analysis showed that the most significant 
factor is the spatial density of SAV (Figure 9). The second is the leaf length ratio to total depth, and the initial TA 
value is a minor effect on the changes in the pCO2 values.

On the other hand, since a topographic effect (change in water depth) has been shown to influence the photon 
flux density under water—as well as the spatial distribution of nutrients, the turbidity and other parameters—it is 
thought that physical conditions strongly contribute to the growth rate of Z. marina (Dennison, 1987; Dennison 
& Alberte, 1986). Additionally, the minimum light requirement has been investigated, revealing that there is 
a large variability in the minimum light requirement (Dennison et  al.,  1993; Koch & Beer,  1996; Olesen & 
Sand-Jensen, 1993). Hence, the ratio of leaf length to total water depth may be significant to estimate carbon 
capture due to SAV (Figure 10). The mixing depth caused by wind stress at the water surface may be one of the 
most significant factors, because the mixing depth is associated with the vertical flux of DIC, which varies due 
to respiration and photosynthesis related to carbon capture. Additionally, it is significant to estimate how much 
carbon dioxide is released from the accumulated SAVs at the bottom in terms of the vertical DIC flux. Therefore, 
it is necessary to investigate the decomposition of organic matter inside the bottom sediment and the mineraliza-
tion process from dissolved organic carbon to DIC in future studies.

5.  Conclusion
A conceptual DIC model was proposed using the field observations at Komuke Lake and Lake Monger, enabling 
us to estimate DIC flux from the bottom sediment. The density of SAV is higher in Lake Monger than in Komuke 
Lagoon, and thus anoxia is more likely to occur in Lake Monger, and DIC flux from the bottom sediment in Lake 
Monger was about twice as much as that at Komuke Lagoon. pCO2 and NEP were lower and larger, respectively, 
in Lake Monger than the Komuke Lagoon, suggesting the potential significance of “freshwater blue carbon” or 
“freshwater carbon” when SAV is dense and dominates water quality (S. Watanabe et al., 2023). To allow system 
scale simulations able to meaningfully resolve feedbacks between flow and vegetation, a subgrid-scale SAV 
approach, GiSAV, was developed by integrating a bundle of submerged aquatic plants into one aggregated SAV 
element to reduce runtime costs. Using this simplification, the SiDIC model was developed and able to reveal the 
significant hourly fluctuation of DIC throughout the water column. When leaf length was 1.0 m with a total water 
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depth of 1.5 m, the higher wind speed was found to increase the mixing depth determined by the mixing depth in 
stratification, thereby increasing DICd. Furthermore, the density of SAV has a strong correlation with DICd when 
leaf length is longer than the total water depth. It was revealed that pCO2 fluctuation between daytime and night-
time is substantial in real fields. Therefore, we may recommend estimating carbon dioxide flux by conducting a 
continuous field observation for extended periods or by applying numerical models, such as in the SiDIC model, 
which enable to accurately evaluate the effect of respiration and photosynthesis on DIC when calibrated with 
laboratory experiments. The use of daytime observations only may lead to an underestimation of the pCO2 and 
hence an overestimation of carbon capture and storage within freshwater lakes and coastal environments. Note 
that the SiDIC model could also be useful for investigating the pCO2 estimation without vegetation in a stratified 
fluid, such as lakes and the estuary.
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