
1.  Introduction
Highly productive tidal marshes play a key role in the estuarine ecosystem by affecting the dynamics of carbon, 
nitrogen, phosphorus, and oxygen (Bridgham et al., 2006; Chmura et al., 2003). Sedimentation is greatly enhanced 
in the tidal marshes due to enhanced flow impedance locally and the tidal marshes tend to be traps of particulate 
material, therefore retaining a significant amount of carbon and other nutrients (Bowden et al., 1991; Grant & 
Patrick, 1970; Sundareshwar et al., 2003; Ziegler et al., 1999); in addition, dissolved nutrients are also observed 
to be exported or filtered from the tidal marshes in some systems (Anderson et al., 1997; Axelrad et al., 1976; 
Chambers et al., 1992; Jordan et al., 1983). In some areas, the tidal marshes tend to export excess materials, 
including organic carbon and other nutrients, into adjacent waters and thus enhance estuarine productivity in 
these systems (Alongi, 2020; Chicharo et al., 2008; Czapla et al., 2020; Odum et al., 1984; Ridd et al., 1988; 
Tzortziou et al., 2011). Differing results of the exported or filtered dissolved organic carbon are observed at differ-
ent estuaries (Bukaveckas, 2021; Czapla et al., 2020; Neubauer & Anderson, 2003). The remineralization of the 
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Plain Language Summary  Tidal marshes are significant components in the estuarine ecosystem 
and are known to modify the estuarine biochemical processes. To complement the spatial and temporal 
limitations of field observation and experiments, we developed a modeling tool to study the role of tidal 
marshes. This model simulates the marsh biomass dynamics on seasonal and annual time scales. This marsh 
model is embedded in a complex 3D hydrodynamic-water quality model (SCHISM-ICM), so it explicitly 
includes the interactions of tidal marshes and the nutrient dynamics in the water column and sediment. We 
successfully implemented this coupled model in the York River Estuary, where extensive tidal marshes exist. 
This modeling study demonstrates that tidal marshes drive the local diurnal dissolved oxygen (DO) cycles and 
low-DO events. In addition, tidal marshes tend to increase the phosphate release from the sediment but decrease 
the dissolved inorganic nitrogen in the water column. Overall, tidal marshes have substantial impacts on the 
estuarine biochemical processes.
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abundant organic matter, which can be directly exported from the marshes or from the increased local estuarine 
productivity, is suggested to cause excessive consumption of dissolved oxygen (DO) (Diaz & Rosenberg, 2001; 
Levin et al., 2009). The observed low-DO events (hypoxia when DO concentration is lower than 2 mg L −1) near 
tidal marshes usually follow a diurnal pattern, with lower DO occurring at low tide (Swarth & Peters, 1993). 
Also, bottom fluxes of ammonium and phosphate can be enhanced due to the marsh-induced low-DO events or 
the low sediment redox potentials (Lai & Lam, 2008). Therefore, tidal marshes play an important role in modi-
fying the estuarine biochemistry on variable time scales and in different systems. The complex dynamics and 
interaction of marsh and estuarine water are difficult to fully observe or analyze. Studies using observational 
methods to investigate the role of tidal marshes usually focus on a limited number of small systems due to the 
difficulty in conducting the measurements and calculations. On the other hand, numerical models can investigate 
individual processes in isolation by doing immeasurable scenarios. In addition, modeling studies can be applied 
at a larger spatial scale (e.g., the York River Estuary in this paper) to study the role of tidal marshes on estuarine 
biochemical processes.

Current marsh models usually focus on the long-term processes of marsh morphology and evolution on 
decadal to centennial timescales (Alizad et al., 2016; Fagherazzi et al., 2004; Kirwan & Murray, 2007; Marani 
et al., 2007; Morris et al., 2002; Townend et al., 2011). These models usually account for the feedback between 
marsh biomass, platform elevation, and sedimentation, with no particular attention paid to biochemical processes 
in the estuarine water outside the marshes (Alizad et al., 2016; Fagherazzi et al., 2012; Morris et al., 2002). On 
the other hand, another type of marsh model mainly focuses on the biological functions of the marsh plants 
and their impacts on the surrounding system on seasonal to annual timescales (Buzzelli et al., 1999; Cerco & 
Tian, 2021). However, this type of marsh model is mostly used as an offline box model using additional source/
sink terms to represent marsh function in the water quality variables' mass balance equation, in which marsh 
growth, respiration, and nutrient recycles are not coupled into hydrodynamic-water quality models for system-
wide simulations due to the challenges of fine resolution as required to account for the marsh irregularities, such 
as the varying patches of tidal marsh wetlands. Also, the tidal marshes are usually not physically included in the 
grid domain in these models for the complex wetting and drying processes in these regions. Ideally, the marsh 
habitat studies would require the model domain coverage to include the intertidal flooding zone as well as the 
surrounding environment, so the numerical model must be sufficiently robust to handle the inundation processes 
(Zhang et al., 2020).

In this study, we developed a new marsh modeling approach for studying the role of the tidal marsh on estu-
arine biochemical processes. This marsh model is integrated into an unstructured-grid three-dimensional 
hydrodynamics and water quality model to simulate both physical and biogeochemical processes in an entire 
estuarine system, including the marsh wetlands and the surrounding waters. The marsh-induced form drag 
is included in the momentum equation, and the marsh-induced turbulence is added as an additional source 
term in the turbulence closure equations (Zhang et  al.,  2020). This model explicitly simulates the inter-
actions between marsh and estuarine biochemical processes, such as the nutrient release from the marsh 
metabolism and bottom sediment to the water column. By fully coupling hydrodynamic, water quality, and 
marsh modules, we can simultaneously simulate the multiple nonlinear interactions between the physiological 
processes of the marsh, physical processes, and biochemical processes in an estuary (the York River Estuary). 
This process-based model can be used to study the effects of tidal marshes on water quality on a relatively 
large regional scale (e.g., the York River Estuary and the Chesapeake Bay), to complement direct observa-
tions. The seasonal to annual temporal scale is targeted by this model, and the morphological changes are not 
considered here.

In the Methods section, we describe the study site, available data, model development, a benchmark for its devel-
opment, model implementations, the design of sensitivity tests, and the analysis methods. In the Results section, 
we present the model skill assessments for its implementation in the York River Estuary, which include the simu-
lation of the physical environment, the major water quality properties, and marsh biomass and productivity. In the 
Discussion section, we discuss the roles of the tidal freshwater marshes on the biochemical processes by focusing 
on the responses of estuarine nutrients and phytoplankton as revealed by the sensitivity tests, especially a marsh 
removal scenario (NV0) that omits the ecological functions of the marsh. We will also discuss the uncertainty 
and limitations of the current model framework and the direction of future studies. Conclusions are summarized 
in the final section.
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2.  Methods
2.1.  Study Site and Available Data

The Pamunkey River and Mattaponi River are tidal rivers joined at West Point, Virginia (VA) to form the York 
River (Figure 1), which is one of the major tributaries in the lower Chesapeake Bay (the Bay thereafter). The 
mean discharge of the Pamunkey River and Mattaponi Rivers are 28.7 and 14.4 m 3  s −1, respectively, but the 
total discharge into the York from these two rivers can be more than 107 m 3 s −1 during wet seasons (Shen & 
Haas, 2004). The York estuary is a micro-tidal estuary, whose mean tidal range increases from 0.7 m at the mouth 
to 0.85 m at the West Point and exceeds 1.0 m at the heads of the Pamunkey and Mattaponi Rivers according to 
the historical data (https://tidesandcurrents.noaa.gov/historic_tide_tables.html). The Pamunkey-Mattaponi-York 
system has a mean residence time of 104 days under the mean flow condition (Shen & Haas, 2004). The upper 
portion of the Pamunkey and Mattaponi Rivers are tidal fresh while the location of the transition from brackish to 
freshwater varies with river discharge (Shen & Haas, 2004). Salinity at West Point ranges from 0 to 20 PSU and 
varies with freshwater discharge (https://www.chesapeakebay.net/what/data). The annual temperature follows a 
seasonal trend with 25.7°C at annual highs and 0.9°C at annual lows (Brooks, 1983). The average precipitation is 
about 95.9 cm in this region, typically the highest in July and August (Brooks, 1983). Waves are usually consid-
ered to be insignificant in this region (Friedrichs, 2009).

The Pamunkey River has over 28.9  km 2 of tidal marshes and forested wetlands adjacent to the meandering 
channels, located within 72 km of West Point (Figure 1; Perry, 1991; Mitchell et al., 2017). On the Mattaponi 
side, tidal marshes are found from West Point to approximately 50 km upstream, occupying an area of 21.7 km 2 
(Figure 1; Mitchell et al., 2017). These marshes, as marked in Figure 1c, account for 97.27% of the total marsh 
coverage in the York River Estuary, excluding the extensive or embayed marshes in the sheltered sub-tributaries 
such as Morris Bay and Ware Creeks (Figure 1a; Mitchell et al., 2017). Overall, there is a continuum of marsh 
types from tidal oligohaline marshes to non-tidal freshwater marshes along the Pamunkey and Mattaponi Rivers 
(Perry, 1991). The total area of tidal freshwater and brackish marshes along the Pamunkey and Mattaponi Rivers 
has changed little (<0.009%) over the past 40 years, although the brackish marshes have replaced some tidal 
freshwater species (Mitchell et al., 2017).

Figure 1.  (a) The York River Estuary. The red triangles denote the Chesapeake Bay Program (CBP) stations, and the blue circles denote the stations from Chesapeake 
Bay National Estuarine Research Reserve (CBNERR) and Virginia Estuarine and Coastal Observing System (VECOS). The gray line denotes the along-channel 
transect used in this study. (b) Bathymetry of the study area. (c). Extensive and fringing marshes in the Pamunkey-Mattaponi River System. The blue polygons denote 
the marshes along the Pamunkey River and the Mattaponi River based on the USGS topography map. Yellow lines in panels (b, c) denote the interface to calculate the 
material exchange in this study.
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We utilize the database of water quality monitoring networks in the York River Estuary from the Ches-
apeake Bay Program (CBP; https://www.chesapeakebay.net/what/data), which has a wide coverage of 
variables—including nutrients, sediments, planktons, water temperature, salinity, and DO. The frequency 
of these measurements is once (winter) or twice (summer) each month. This database has full spatial cover-
age from the tidal freshwater region to the mouth of the York River (Figure 1). In addition to this database, 
we also use some high-frequency (15-min interval) observations of salinity and elevation from the Chesa-
peake Bay National Estuarine Research Reserve (CBNERR; http://cdmo.baruch.sc.edu) and Virginia Estua-
rine and Coastal Observing System (VECOS; http://vecos.vims.edu). The delineation of the marshes follows 
the USGS topography map (https://www.usgs.gov/core-science-systems/national-geospatial-program/
us-topo-maps-america?qt-science_support_page_related_con=0#qt-science_support_page_related_con).

2.2.  Model Development

2.2.1.  Model Framework

The fully coupled hydrodynamic-water quality-marsh model was developed within the Semi-implicit Cross-scale 
Hydroscience Integrated System Model (SCHISM), an open-source community-supported modeling system 
(Zhang et al., 2016). SCHISM provides physical transport fields to the water quality Integrated Compartment 
Model (ICM; Cerco & Cole, 1994) in this framework. ICM was developed by the U.S. Army Corps of Engineer 
Research and Development Center, and was fully integrated inside SCHISM (Cai et al., 2020). Besides the 21 
water quality variables (e.g., phytoplankton, carbon, nitrogen, phosphorus, and oxygen), benthic algae are also 
included in this model (Cerco & Seitzinger, 1997). This modeling system also includes the sediment flux model 
developed by Di Toro and Fitzpatrick (1993), which simulates the deposition and diagenesis processes of partic-
ulate organic matter, the recycling of inorganic nutrients to the water column, and the sediment oxygen demands. 
In this coupled water quality model, the interactions between phytoplankton, oxygen, and nutrients in both the 
water column and sediment are simulated (Figure 2). The growth of phytoplankton is controlled by temperature, 
light availability, nutrient supplies, and salinity, which is specifically a controlling factor for diatoms. The growth 
of phytoplankton produces oxygen and consumes inorganic nutrients (nitrogen and phosphorus), while the respi-
ration and predation of phytoplankton consume oxygen and release nutrients in multiple forms (e.g., inorganic 

Figure 2.  Coupled ICM-Marsh model diagram.
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nutrients, dissolved organic nutrients, and labile and refractory particulate organic nutrients). Oxygen is also 
consumed by heterotrophic respirations, nitrifications, and other oxidation processes in the sediment, while the 
atmosphere can be a source of surface water oxygen. Particulate organic nutrients (carbon, nitrogen, and phos-
phorus) hydrolyze to dissolve organic nutrients, and dissolved organic nutrients are mineralized into inorganic 
nutrients. Specifically for nitrogen, the nitrification process transforms ammonium to nitrate, and the denitrifica-
tion process removes the nitrate from the system and releases it to the atmosphere as nitrous oxide and nitrogen 
gas. Both the nitrification and denitrification processes are controlled by the local oxygen concentration. High 
oxygen tends to prompt nitrification while low oxygen is favorable to the denitrification process. The nitrification 
and denitrification are expressed as follows (Cerco & Cole, 1994):

Nit =
DO

KHont + DO
⋅

NH4

KHnnt + NH4
⋅ 𝑓𝑓 (𝑇𝑇 ) ⋅ NTm� (1)

Denit = ANDC ⋅

KHor

KHor + DO
⋅

NO3

KHdn + NO3
⋅ AANOX ⋅ KDOC ⋅ DOC� (2)

where 𝐴𝐴 Nit (g N m −3 d −1) is nitrification rate and 𝐴𝐴 Denit (g N m −3 d −1) is denitrification rate. 𝐴𝐴 DO , 𝐴𝐴 NH4 , 𝐴𝐴 NO3 , and 
𝐴𝐴 DOC refers to the concentrations of dissolved oxygen (g O2 m −3), ammonium (g N m −3), nitrate (g N m −3), and 

dissolved organic carbon (g C m −3) respectively. 𝐴𝐴 KHont (g O2 m −3) and 𝐴𝐴 KHnnt (g N m −3) are half-saturation 
constants of 𝐴𝐴 DO and 𝐴𝐴 NH4 for nitrification respectively. 𝐴𝐴 𝐴𝐴 (𝑇𝑇 ) is a temperature adjustment for nitrification where 
nitrification is the maximum 𝐴𝐴 NTm (g N m −3 d −1) when the temperature is optimal. 𝐴𝐴 ANDC (g N per g C) refers to 
the mass of nitrate nitrogen reduced per mass of dissolved organic carbon oxidized. 𝐴𝐴 KHor (g O2 m −3) and 𝐴𝐴 KHdn 
(g N m −3) are half-saturation constants of 𝐴𝐴 DO for oxic respiration and 𝐴𝐴 NO3 for denitrification respectively. 𝐴𝐴 KDOC 
(d −1) is heterotrophic respiration rate of 𝐴𝐴 DOC when oxygen is infinitely sufficient, and 𝐴𝐴 KDOC is also affected by 
temperature. 𝐴𝐴 AANOX is the ratio of denitrification rate to oxic dissolved organic carbon respiration rate. So that 
significant decomposition of 𝐴𝐴 DOC by denitrification occurs only when nitrate is sufficient and oxic respiration 
is limited by the availability of 𝐴𝐴 DO . In terms of phosphorus, the bottom flux of the recycled inorganic phosphate 
largely increases under low-DO events (DO concentration <1.0 g m −3) due to high desorption under anaerobic 
condition (Di Toro & Fitzpatrick, 1993).

We developed the marsh module using a similar approach to the submerged aquatic vegetations (SAV) 
module (Cai, 2018), but we modified and added specific processes of marsh plants. On the physical side, the 
marsh-induced drag force and 3D turbulence were fully incorporated into the hydrodynamic model, and the 
interaction between the marsh and hydrodynamics was dynamically simulated (Zhang et al., 2020). Biologically, 
three types of marshes (salt marsh, brackish marsh, and freshwater marsh) were added to the group of primary 
producers in the ecosystem model. The primary producers (e.g., phytoplankton and marsh plants) interact with 
each other through competition for light and nutrient supplies (Figure 2). Details of this tidal marsh model are 
described in the next two sub-sections.

2.2.2.  Tidal Marsh Model

The kinetic marsh model shares a similar structure as the submerged aquatic vegetation model (Cai, 2018; Cerco 
& Moore, 2001). The marsh plant is divided into three tissues that are modeled, respectively–leaf, stem, and root. 
The leaf is the only tissue that is photosynthetic and transfers its production to other tissues. The growth of the 
leaf is controlled by multiple limiting factors–temperature, light supplies, salinity stress, and inundation pressure. 
Although nutrients can affect plant growth, the nutrient supply from the sediment is assumed to be sufficient to 
support the growth of the marsh, and marsh roots can reach deep or far areas to adjust to the nutrient supply. Thus, 
the nutrients are not considered as a limiting factor in this model. Inundation stress is suggested by the observa-
tions to be included in the model design because a longer inundation duration and deeper flooding tend to reduce 
marsh growth (Janousek & Mayo, 2013; McHugh & Dighton, 2004; Watson et al., 2015). The above-ground 
biomass is reduced by leaf and stem metabolism, primarily defoliation. The plant height is calculated as a linear 
function of the above-ground biomass. The mathematical formulas for the biomass of the three tissues and the 
canopy height are:

d𝐋𝐋𝐋𝐋

dt
= Plf(T, I, S, F) ⋅ (1 − Fam) ⋅ FPlf ⋅ 𝐋𝐋𝐋𝐋 −MTlf(𝑇𝑇 ) ⋅ BMlf(𝑇𝑇 ) ⋅ 𝐋𝐋𝐋𝐋� (3)

d 𝐒𝐒𝐒𝐒

dt
= Plf(T, I, S, F) ⋅ (1 − Fam) ⋅ FPst ⋅ LF −MTst(𝑇𝑇 ) ⋅ BMst(𝑇𝑇 ) ⋅ 𝐒𝐒𝐒𝐒� (4)
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d𝐑𝐑𝐑𝐑

dt
= Plf(T, I, S, F) ⋅ (1 − Fam) ⋅ FPrt ⋅ LF − BMrt(𝑇𝑇 ) ⋅ 𝐑𝐑𝐑𝐑� (5)

𝑯𝑯 =

⎧
⎪
⎨
⎪
⎩

𝑑𝑑 ⋅ (LF + ST) + 𝑒𝑒𝑒 when (LF + ST) ≤ crit

𝑎𝑎 ⋅ (LF + ST − crit) + 𝑑𝑑 ⋅ crit + 𝑒𝑒𝑒 when (LF + ST) > crit
� (6)

where 𝐴𝐴 𝐋𝐋𝐋𝐋 , 𝐴𝐴 𝐒𝐒𝐒𝐒 , and 𝐴𝐴 𝐑𝐑𝐑𝐑 (g C m −2) are biomasses of leaf, stem, and root of the marsh, respectively. 𝐴𝐴 Plf (day −1) is 
the growth function of the leaf. This growth function is determined by temperature (𝐴𝐴 𝐴𝐴  ), light (𝐴𝐴 𝐴𝐴  ), salinity (𝐴𝐴 𝐴𝐴 ), 
and inundation stress (𝐴𝐴 𝐴𝐴  ). 𝐴𝐴 Fam is the fraction for active metabolism during photosynthesis. 𝐴𝐴 FPlf , 𝐴𝐴 FPst , and 𝐴𝐴 FPrt 
are fractions of biomass transformations from leaf photosynthesis. 𝐴𝐴 BMlf , 𝐴𝐴 BMst , and 𝐴𝐴 BMrt (day −1) are basal 
metabolism rates of the leaf, stem, and root, respectively, which are functions of temperature. 𝐴𝐴 MTlf and 𝐴𝐴 MTst are 
seasonal mortalities of leaf and stem. 𝐴𝐴 𝑯𝑯 (m) is marsh canopy height, calculated from the above-ground biomass 
with the coefficients of 𝐴𝐴 crit , 𝐴𝐴 𝐴𝐴 , 𝐴𝐴 𝐴𝐴 , and 𝐴𝐴 𝐴𝐴 .

The growth rate of leaf 𝐴𝐴 Plf can be written as a product of temperature-driven maximum growth rate and three 
stress functions (salinity, light, and inundation):

Plf = Pm(𝑇𝑇 ) ⋅ 𝑓𝑓 (𝑆𝑆) ⋅ 𝑓𝑓 (𝐼𝐼) ⋅ 𝑓𝑓 (𝐹𝐹 )∕acdw� (7)

where 𝐴𝐴 Pm (g C g −1 DW day −1) is the maximum growth rate, which is determined by the temperature. 𝐴𝐴 𝐴𝐴 (𝑆𝑆), 𝑓𝑓 (𝐼𝐼) , 
and 𝐴𝐴 𝐴𝐴 (𝐹𝐹 ) are the limitation functions of salinity, light, and inundation stress, respectively. 𝐴𝐴 acdw (g C g −1 DW) is 
the plant carbon to dry-weight ratio.

The maximum growth rate 𝐴𝐴 Pm is expressed as:

Pm(𝑇𝑇 ) = pmbs ⋅ 𝑒𝑒−KTg1⋅(𝑇𝑇−Topt)2 ,when 𝑇𝑇 ≤ Topt� (8)

Pm(𝑇𝑇 ) = pmbs ⋅ 𝑒𝑒−KTg2⋅(𝑇𝑇−Topt)2 ,when 𝑇𝑇 𝑇 Topt� (9)

where 𝐴𝐴 pmbs (g C g −1 DW day −1) is the coefficient for the maximum growth rate function. 𝐴𝐴 KTg1 and 𝐴𝐴 KTg2 (°C −2) 
are the shape coefficients of temperature adjustment. 𝐴𝐴 𝐴𝐴  (°C) is the local temperature and 𝐴𝐴 Topt (°C) is the optimal 
temperature for plant growth.

The limiting function of salinity 𝐴𝐴 𝐴𝐴 (𝑆𝑆) is expressed as:

𝑓𝑓 (𝑆𝑆) =
ST

ST + (Salt − Saltopt)
2� (10)

where 𝐴𝐴 ST is salinity stress coefficient (PSU 2), 𝐴𝐴 Salt is water column salinity, and 𝐴𝐴 Saltopt (PSU) is the optimal 
salinity for this species. The salinity control 𝐴𝐴 𝐴𝐴 (𝑆𝑆) and flooding factor 𝐴𝐴 𝐴𝐴 (𝐹𝐹 ) are developed as sigma curves for the 
growth of the marsh based on the knowledge from observations (Janousek & Mayo, 2013; Pearcy & Ustin, 1984). 
The limitation function of inundation stress 𝐴𝐴 𝐴𝐴 (𝐹𝐹 ) is:

𝑓𝑓 (𝐹𝐹 ) =
rdephcan

tinun + rdephcan
� (11)

rdephcan =
𝑯𝑯

tdep
� (12)

where 𝐴𝐴 rdephcan is the ratio of canopy height 𝐴𝐴 𝑯𝑯 to the total water column depth 𝐴𝐴 tdep . The user input 𝐴𝐴 tinun is the 
inundation pressure coefficient. Once the ratio of canopy height to the total water column depth reaches 𝐴𝐴 tinun , the 
inundation limitation is 0.5; and if the ratio further increases, there is less inundation stress (>0.5). An increase in 
the inundation period or inundation depth can result in an increase of the stress. In this study, the adaptive capa-
bility of the plant physiology is not considered. This limiting function can be modified or removed if the plant has 
the adaptive capability for the environment changes. The limiting functions of light 𝐴𝐴 𝐴𝐴 (𝐼𝐼) is:

𝑓𝑓 (𝐼𝐼) =
Iwc

√
Iwc2 + Ik

2
� (13)
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Ik =
Pm(𝑇𝑇 )

𝛼𝛼
� (14)

Iwc =
Iatcnpy

Ksh ⋅ (LF + ST)
⋅

[
1 − 𝑒𝑒−(Ksh⋅(LF+ST))

]
� (15)

Iatcnpy =

⎧
⎪
⎨
⎪
⎩

Io ⋅ 𝑒𝑒−Kw⋅(tdep−𝐻𝐻), when𝐻𝐻 𝐻 tdep

Io, when𝐻𝐻 ≥ tdep
� (16)

where 𝐴𝐴 Iwc (E m −2) is irradiance utilized by plant growth, 𝐴𝐴 Iatcnpy (E m −2) is irradiance reaching the canopy top, 
and 𝐴𝐴 Io (E m −2) is irradiance reaching the water surface. 𝐴𝐴 Ik (E m −2) is an adjustment function of leaf growth. 𝐴𝐴 Ksh 
(m 2 g −1) is the leaf self-shading coefficient and 𝐴𝐴 Kw (m −1) is the light attenuation coefficient in the water. 𝐴𝐴 Kw 
is a spatially and temporally varying parameter that is accounted for all the light attenuation that is contributed 
by a function of particulate organic carbon (correlated to suspended to sediment) and phytoplankton (Cerco & 
Noel, 2017).

The metabolism rates of the three tissues are functions of temperature:

BMlf = BMlfr ⋅ 𝑒𝑒KTblf ⋅(T−Trlf)� (17)

BMst = BMstr ⋅ 𝑒𝑒KTbst⋅(T−Trst)� (18)

BMrt = BMrtr ⋅ 𝑒𝑒KTbrt⋅(T−Trrt)� (19)

where 𝐴𝐴 BMlf , 𝐴𝐴 BMst , and 𝐴𝐴 BMrt (day −1) are basal metabolism rates of leaf, stem, and root, respectively. 𝐴𝐴 BMlfr , 
𝐴𝐴 BMstr , and 𝐴𝐴 BMrtr (day −1) are basal metabolism rates of leaf, stem, and root, respectively, at reference temper-

atures 𝐴𝐴 Trlf , 𝐴𝐴 Trst , and 𝐴𝐴 Trrt (°C). 𝐴𝐴 KTblf , 𝐴𝐴 KTbst , and 𝐴𝐴 KTbrt (°C −1) are the shape coefficients for the temperature 
functions of leaf, stem, and root, respectively.

A sigmoid function is used as the seasonal mortality coefficient to account for the natural decay of aboveground 
plants in the fall. These mortality coefficients are expressed as a function of temperature (Li et al., 2021):

MTlf =
adlf

1 + 𝑒𝑒−bdlf ⋅(𝑇𝑇−cdlf)−ddlf
+ 1� (20)

MTst =
adst

1 + 𝑒𝑒−bdst⋅(𝑇𝑇−cdst)−ddst
+ 1� (21)

where 𝐴𝐴 MTlf and 𝐴𝐴 MTst are seasonal mortality coefficients of leaf and stem, respectively. The magnitude of 𝐴𝐴 MTlf 
and 𝐴𝐴 MTst are determined by the parameters 𝐴𝐴 adlf and 𝐴𝐴 adst . The seasonal variability of 𝐴𝐴 MTlf and 𝐴𝐴 MTst is deter-
mined by 𝐴𝐴 bdlf , 𝐴𝐴 cdlf , 𝐴𝐴 ddlf , 𝐴𝐴 bdst , 𝐴𝐴 cdst , and 𝐴𝐴 ddst .

2.2.3.  Linkage Between the Tidal Marsh Model and Water Quality Model

This tidal marsh model is linked to the water quality model primarily by accounting for nutrient uptakes 
directly from the sediment and the releases from the decay of marsh detritus to the various groups of nutrients 
in the water column and sediment. The growth of leaf takes up ammonia and phosphate from the sediment 
directly:

uptakeNH4 = −Anc ⋅ Plf ⋅ 𝐋𝐋𝐋𝐋� (22)

uptakePO4 = −Apc ⋅ Plf ⋅ 𝐋𝐋𝐋𝐋� (23)

where 𝐴𝐴 uptakeNH4 and 𝐴𝐴 uptakePO4 (g m −2 day −1) are uptake of ammonia and phosphate from the sediment deeper 
layer to support plant growth, respectively. 𝐴𝐴 Anc (g N g −1 C) and 𝐴𝐴 Apc (g P g −1 C) are nitrogen and phosphorus to 
carbon ratios, respectively.
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The metabolism of leaf and stem, mostly defoliation, settles organic matters to the bottom. In addition, the metab-
olism of the roots also releases particulate organic nutrients to the sediment. The PON and POP budget in the 
sediment is fueled by both sources that are expressed as:

setPON = Anc ⋅ [(Plf ⋅ Fam +MTlf ⋅ BMlf) ⋅ 𝐋𝐋𝐋𝐋 +MTst ⋅ BMst ⋅ 𝐒𝐒𝐒𝐒 + BMrt ⋅ 𝐑𝐑𝐑𝐑]� (24)

setPOP = Apc ⋅ [(Plf ⋅ Fam +MTlf ⋅ BMlf) ⋅ 𝐋𝐋𝐋𝐋 +MTst ⋅ BMst ⋅ 𝐒𝐒𝐒𝐒 + BMrt ⋅ 𝐑𝐑𝐑𝐑]� (25)

dPON(1 ∶ 3)

dt
= setPON ⋅ f rnveg(1 ∶ 3)� (26)

dPOP(1 ∶ 3)

dt
= setPOP ⋅ f rpveg(1 ∶ 3)� (27)

where 𝐴𝐴 setPON and 𝐴𝐴 setPOP (g m −2  day −1) are sources of particulate organic matter to the lower layer of the 
sediment, respectively. 𝐴𝐴 f rnveg and 𝐴𝐴 f rpveg are the fractions of these particulate nutrients going to three groups 
of labile, refractory, inert groups in the sediment budget of 𝐴𝐴 PON and 𝐴𝐴 POP . Both the dissolved organic nitrogen 
and phosphorus hydrolyzed and the inorganic nutrients mineralized from the marsh detritus in the pore water of 
the upper sediment layer are assumed to be relatively minor and neglected in this model. Regarding the whole 
system, the marsh will affect the local nitrification-denitrification process by both directly affecting the nitrogen 
pool (e.g., by taking up sediment ammonia and settling particulate organic nitrogen) and indirectly affecting the 
local oxygen and organic carbon, which eventually modify the nitrogen dynamics.

When the plant is fully submerged, the net production of oxygen by leaf photosynthesis minus the consumption 
from active metabolism during photosynthesis is accounted as a source to the water column oxygen, but when 
the plant is partially submerged or totally above the water surface, we assume the oxygen produced by the marsh 
goes to the atmosphere directly. Once submerged, the contribution of the marsh is added as a source term to the 
water column DO in the vertical cells that the marsh occupies:

dDO

dt
= Aocr ⋅ Plf ⋅ (1 − Fam) ⋅ 𝐋𝐋𝐋𝐋∕𝐇𝐇� (28)

where 𝐴𝐴 DO (g m −3) is oxygen concentration in the vertical layers of the water column where marsh occupies and 
𝐴𝐴 Aocr (g O2 g −1 C) is oxygen to carbon ratio. On the other hand, the defoliation settles onto the sediment, part of 

it is assumed to be hydrolyzed in the pore water of the upper sediment layer and consumes the available oxygen 
diffused from the bottom layer of the water column. In addition, the metabolism of roots also consumes oxygen. 
Both processes contribute to the sediment oxygen demand:

� (29)

where 𝐴𝐴 sedDO (g m −2 day −1) is sediment oxygen demand driven by the marshes. 𝐴𝐴 FrtDO is the fraction of DO 
consumption in root metabolism. 𝐴𝐴 FDO is the fraction of the organic carbon hydrolyzed in the pore water of the 
upper sediment layer. 𝐴𝐴 khr (g m −3) is the coefficient of DOC oxidation in the upper sediment layer. 𝐴𝐴 DO0 (g m −3) 
is oxygen concentration in the bottom layer of water column. The remaining DOC in the pore water diffused into 
the water column:

sedDOC = FDO ⋅

khr

khr + DO0

⋅ (MTlf ⋅ BMlf ⋅ 𝐋𝐋𝐋𝐋 +MTst ⋅ BMst ⋅ 𝐒𝐒𝐒𝐒)� (30)

where 𝐴𝐴 sedDOC (g m −2 day −1) is the DOC flux from the upper sediment layer to the water column. The rest of the 
organic carbon goes into the lower sediment layer as particulate matter:

setPOC = (1 − FrtDO) ⋅ BMrt ⋅ 𝐑𝐑𝐑𝐑 + (1 − FDO) ⋅ (MTlf ⋅ BMlf ⋅ 𝐋𝐋𝐋𝐋 +MTst ⋅ BMst ⋅ 𝐒𝐒𝐒𝐒)� (31)

dPOC(1 ∶ 3)

dt
= setPOC ⋅ f rcveg(1 ∶ 3)� (32)

sedDO = −Aocr ⋅

[
FrtDO ⋅ BMrt ⋅ 𝐑𝐑𝐑𝐑 + FDO ⋅

DO0

khr + DO0

⋅ (MTlf ⋅ BMlf ⋅ 𝐋𝐋𝐋𝐋 +MTst ⋅ BMst ⋅ 𝐒𝐒𝐒𝐒)

]
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where 𝐴𝐴 setPOC (g m −2  day −1) is a source of particulate organic carbon to the lower layer of the sediment. 
𝐴𝐴 f rcveg(1 ∶ 3) are the fractions of these particulate carbon going to three groups of labile, refractory, inert groups 

in the sediment budget of 𝐴𝐴 POC , respectively.

2.3.  Model Implementation and Sensitivity Tests

The marsh dynamic process that responds to the changes in environmental conditions is demonstrated in 
Figure 3. Marsh reaches its maximum growth rate when the temperature reaches the optimal value for this species 
(Figure 3a). Higher solar radiation reaching the marsh canopy alleviates light limitation on marsh growth, while 
self-shading (included in the model) limits the growth if the marsh reaches high biomass (Figure 3b). The opti-
mal salinity for the three groups of the marsh (salt marsh - Group 1, brackish marsh–Group 2, and freshwater 
marsh–Group 3) varies. For example, the freshwater marsh receives no salinity stress on its growth when the 
local salinity is close to 0 PSU, so the value of f(S) is close to 1 (Figure 3c). The plant height to water depth 
ratio limits marsh growth when the marsh is submerged (i.e., the ratio is less than 1); when the marsh emerges, 
the water depth places a minor limitation on marsh growth (Figure 3d). The parameter sets used in this study 
are listed in Table 1. The lack of measured parameters and data is one of the most difficult parts of developing a 
dynamic marsh model, which could be one of the reasons why only simple models or empirical models (Cerco 
& Tian, 2022) have been used to simulate marsh. We acknowledge the limitations of the model parameterization, 
whose values are primarily adopted or selectively modified from a published SAV model (Cai, 2018; Cerco & 
Moore, 2001). Without guidance from observations, the parameters are based on literature values with extensive 
calibration. We expect more observations will be available in the future, and these observations can serve as a 
reference for future model improvement.

To investigate the role of marsh on the adjacent waterbody, we implemented the coupled hydrodynamic, water 
quality, and marsh model for the York River Estuary. The unstructured grid generally follows the one used in 
the water quality study by Cai et al.  (2020) with local refinements in the York River Estuary (Figure 4). The 
grid covers the whole Bay to accurately simulate the exchanges between the York River and the Bay. This grid 
contains 47,477 nodes and 73,433 elements. The grid system developed for this study uses flexible mesh, where 
rectangular elements are patched at deep channels while triangular elements are paved in the rest shoals and 

Figure 3.  (a) Effects of temperature on marsh production, where f(T) = 1 when the temperature reaches the optimal value. (b) Marsh production versus irradiance 
curve accounting self-shading. (c) Impacts of salinity on marsh production in the salt marsh—Group 1, brackish marsh—Group 2, and freshwater marsh—Group 3. (d) 
Inundation stress.
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tidal marshes. Outside the Bay, the grid resolution varies from 2.4 km for the continental shelf to 550 m at the 
Bay mouth. Inside the York River estuary, the along-channel grid resolution increases from 300 to 100 m from 
the  mouth to the Pamunkey and Mattaponi Rivers. The cross-channel resolution increases from 200 m to less 
than 100 m upstream. The resolution is about 50 m in the area with extensive marshes (e.g., Sweet Hall Marsh). A 
hybrid shaved vertical grid system LSC 2 (Localized Sigma Coordinates with Shaved Cells; Zhang et al., 2016) is 
applied in this domain. There are up to 52 vertical layers in the deeper ocean and at least one layer in the shallow 
regions nearshore.

Table 1 
Key Parameters of the Marsh Module

Parameter Definition Value Unit

𝐴𝐴 Fam  Fraction of production devoted to active metabolism 0.2 𝐴𝐴 [−] 

𝐴𝐴 FPlf  Fraction of production routed to leaf biomass 0.6 𝐴𝐴 [−] 

𝐴𝐴 FPst  Fraction of production routed to stem biomass 0.3 𝐴𝐴 [−] 

𝐴𝐴 FPrt  Fraction of production routed to root biomass 0.1 𝐴𝐴 [−] 

𝐴𝐴 𝐴𝐴 a Coefficients to transfer marsh biomass to canopy height −0.0002 𝐴𝐴 m3 g−1 

𝐴𝐴 𝐴𝐴 a Coefficients to transfer marsh biomass to canopy height 0.0036 𝐴𝐴 m3 g−1 

𝐴𝐴 𝐴𝐴  a Coefficients to transfer marsh biomass to canopy height 0.054 𝐴𝐴 m 

𝐴𝐴 crit a Coefficients to transfer marsh biomass to canopy height 300 𝐴𝐴 gm−2 

𝐴𝐴 Acdw  Plant carbon-to-dry-weight ratio 0.38 𝐴𝐴 gC g−1 DW 

𝐴𝐴 Pmbs  Coefficient for maximum growth rate function 0.4 𝐴𝐴 gC g−1 DWday
−1 

𝐴𝐴 Topt  Optimal temperature for marsh production 27 𝐴𝐴 ◦

C 

𝐴𝐴 KTg1  Effect of temperature below 𝐴𝐴 Topt on production 0.003 𝐴𝐴 ◦C
−2 

𝐴𝐴 KTg2  Effect of temperature above 𝐴𝐴 Topt on production 0.005 𝐴𝐴 ◦C
−2 

𝐴𝐴 ST b Salinity choice and stress coefficient 35 𝐴𝐴 PSU
2 

𝐴𝐴 Saltopt b Optimal salinity of this species 20, 12, 0 PSU

𝐴𝐴 tinun b Inundation pressure coefficient 0.2 𝐴𝐴 [−] 

𝐴𝐴 𝐴𝐴  Initial slope of production versus irradiance curve 0.005 𝐴𝐴 gC g−1 DW ⋅

(
Em−2

)−1 

𝐴𝐴 Ksh  Light attenuation by marsh 0.045 𝐴𝐴 m2 g−1 C 

𝐴𝐴 bmlf  Reference metabolism rate of leaf at reference temperature 0.01 𝐴𝐴 day
−1 

𝐴𝐴 bmst  Reference metabolism rate of stem at reference temperature 0.01 𝐴𝐴 day
−1 

𝐴𝐴 bmrt  Reference metabolism rate of root at reference temperature 0.01 𝐴𝐴 day
−1 

𝐴𝐴 Tr  Reference temperature for leaf, stem, and root metabolism 20 𝐴𝐴 ◦

C 

𝐴𝐴 KTb  Effect of temperature on leaf, stem, and root metabolism 0.08 𝐴𝐴 ◦C
−1 

𝐴𝐴 ad  Coefficients to calculate the seasonal mortality of leaf and stem 4 𝐴𝐴 [−] 

𝐴𝐴 bd  Coefficients to calculate the seasonal mortality of leaf and stem −4 𝐴𝐴 ◦C
−1 

𝐴𝐴 cd  Coefficients to calculate the seasonal mortality of leaf and stem 17 𝐴𝐴 ◦

C 

𝐴𝐴 dd  Coefficients to calculate the seasonal mortality of leaf and stem 12.8 𝐴𝐴 [−] 

𝐴𝐴 Anc  Marsh nitrogen to carbon ratio 0.01 𝐴𝐴 gNg−1 C 

𝐴𝐴 Apc  Marsh phosphorus to carbon ratio 0.003 𝐴𝐴 g P g−1 C 

𝐴𝐴 Aocr  Mass ratio of oxygen to carbon produced in photosynthesis 2.67 𝐴𝐴 gDOg−1 C 

𝐴𝐴 FDO  Fraction of leaf and stem hydrolyzed in the upper layer of the sediment 0.5 𝐴𝐴 [−] 

𝐴𝐴 FrtDO  Fraction of root metabolism as oxygen consumption 0.8 𝐴𝐴 [−] 

𝐴𝐴 krh  Coefficient of DOC oxidation in the upper sediment layer 1 𝐴𝐴 gm−3 

Note. The rest values are from Cerco and Moore (2001) and Cai (2018).
 aValues are obtained based on model calibration of annual plant biomass.  bValues are obtained based on model calibration of fresh and salt marsh.
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The model simulation period is from 2010 to 2014 with a single non-split time step of 150 s. The open boundary 
is forced by elevation interpolated from two tidal gauges at Lewes, DE and Beaufort, NC. The temperature at the 
ocean boundary is nudged to HYCOM (https://www.hycom.org). The salinity is relaxed near the ocean boundary 
toward the World Ocean Atlas (https://www.ncei.noaa.gov/products/world-ocean-atlas) monthly climatological 
data. Hydrologic and nutrient loadings are from the outputs from the Phase 6 Watershed Model of the Chesa-
peake Bay Assessment Tool (CAST) (Shenk & Linker, 2013). The North American Regional Reanalysis provides 
the atmospheric forcing (Mesinger et al., 2006). The initial marsh biomass of all three marsh groups was set to 
be 230 g C m −2 (leaf 100, stem, and root 30 g C m −2, respectively) everywhere in the assigned marsh elements 
(Figure 1c). The model was spun up to equilibrate the water quality and marsh variables before simulating the 
target period of 2010–2014.

In addition to the calibrated setup (Base Scenario), we also conducted seven sensitivity tests to examine the 
responses of marsh and adjacent estuarine waters with different parameters or processes (Table 2). NV0 treats 
the marsh plants as plastic cylinders without any contributions to biochemical processes, that is, they only affect 
the local physical environments; in doing so, we can assess the ecological contributions from the hydrodynamic 
influence of the tidal marshes to the entire system. Tests #2 to #7 alter the parameters that are related to (a) 
marsh growth, (b) metabolism, and (c) uptake/release of nutrients, in the form of optimal temperature for marsh 

Figure 4.  The SCHISM model domain with zooms on (a) the confluence section of the Pamunkey River and the Mattaponi 
River, (b) the Sweet Hall Marsh. Red triangles in panels (b) denote the sampling points of diurnal processes in this study.

Table 2 
List of the Sensitivity Tests

Sensitivity test abbreviation Sensitivity test name Changed parameters

NV0 Marsh biological functions disabled (i.e., with only physical effects)

GM1 High growth rate and metabolism rate 𝐴𝐴 Pmbs = 0.6 gC g−1 DWday
−1 

𝐴𝐴 bmlf = bmst = bmrt = 0.015 day
−1

GM2 Low growth rate and metabolism rate 𝐴𝐴 Pmbs = 0.3 gC g−1 DWday
−1 

𝐴𝐴 bmlf = bmst = bmrt = 0.0075 day
−1

TG1 High optimal temperature for leaf growth 𝐴𝐴 Topt = 32 ◦C 

TG2 Low optimal temperature for leaf growth 𝐴𝐴 Topt = 22 ◦C 

NP1 High nitrogen/phosphorus-to-carbon ratio 𝐴𝐴 Anc = 0.02 ; 𝐴𝐴 Apc = 0.006

NP2 Low nitrogen/phosphorus-to-carbon ratio 𝐴𝐴 Anc = 0.005 ; 𝐴𝐴 Apc = 0.0015
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production (𝐴𝐴 Topt ), coefficients for maximum growth rate function (𝐴𝐴 Pmbs ), reference metabolism rates at refer-
ence temperatures (𝐴𝐴 bmlf , 𝐴𝐴 bmst , and 𝐴𝐴 bmrt ), and marsh nitrogen or phosphorus to carbon ratios (𝐴𝐴 Anc and 𝐴𝐴 Apc ), 
respectively. All the sensitivity tests use the identical physical setup as the Base Scenario.

2.4.  Analysis Methods

2.4.1.  Skill Assessment

To assess the model skill, model simulations of various water quality state variables are compared with CBP 
observations in the York, Pamunkey, and Mattaponi Rivers. Root mean square error (RMSE), correlation coef-
ficient (CC), and relative error (RE) of model simulations against observations in both water surface and bottom 
are calculated to evaluate the model performance. The RMSEs of the 3-month moving averages (December to 
February, March to May, June to August, and September to November) at the CBP stations are calculated for 
the seasonal quantitative assessment. In addition to the use of statistics, we also use times series comparisons at 
selected stations in the Pamunkey River, West Point, and lower York River to assess the model skills. In addition, 
we compare the mean modeled tidal range along the York River channel against the observations to ensure the 
tidal flooding in the marshes is correctly simulated in terms of frequency and duration. The mean tidal range is 
estimated as the difference between modeled high tide and low tide over a tidal cycle averaged over the entire 
simulation period (the model output frequency is every 30 min). Furthermore, we performed harmonic analysis 
on the modeled elevation and observed water depth at VECOS stations WH and SH to further analyze the model 
skills (Pawlowicz et al., 2002).

2.4.2.  Marsh Biomass and Productivity

For the simulation of marsh biomass, due to the lack of continuous, in situ measurement of tidal freshwater marsh 
biomass in the York River Estuary (e.g., Sweet Hall Marsh), we compared the modeled marsh biomass with a 
few historical observations (Davies, 2004; Perry & Hershner, 1999) as a qualitative evaluation. The marsh net 
productivity is calculated by:

MPP =
∑

𝑚𝑚=1,2,3

(Plf𝑚𝑚 ⋅ (1 − Fam𝑚𝑚) − MTlf𝑚𝑚 ⋅ BMlf𝑚𝑚) ⋅ 𝐋𝐋𝐋𝐋𝒎𝒎 −MTst𝑚𝑚 ⋅ BMst𝑚𝑚 ⋅ 𝐒𝐒𝐒𝐒𝒎𝒎 − BMrt𝑚𝑚 ⋅ 𝐑𝐑𝐑𝐑𝒎𝒎� (33)

where 𝐴𝐴 𝐴𝐴 is the index of the three tidal marsh groups (salt marsh, brackish marsh, and freshwater marsh).

2.4.3.  Phytoplankton Production

Local phytoplankton production in each grid cell is computed by integrating the local phytoplankton production 
in the water column:

GPP =

𝑛𝑛∑

𝑖𝑖=1

(C1𝑖𝑖 ⋅ G1𝑖𝑖 + C2𝑖𝑖 ⋅ G2𝑖𝑖 + C3𝑖𝑖 ⋅ G3𝑖𝑖) ⋅ dep𝑖𝑖� (34)

where 𝐴𝐴 GPP is areal gross primary production of phytoplankton (g C m −2 day −1), 𝐴𝐴 𝐴𝐴 is the number of vertical layers 
in each element, 𝐴𝐴 𝐴𝐴  is the vertical layer index, 𝐴𝐴 C1,C2,C3 are carbon-based phytoplankton biomass of three groups 
(diatoms, green algae, and cyanobacteria) over each layer, respectively (g C m −3), 𝐴𝐴 G1,G2,G3 are growth rates 
of the three phytoplankton groups (g C g C −1 day −1), respectively, and 𝐴𝐴 dep is layer thickness (m). 𝐴𝐴 G1,G2,G3 are 
determined by the local temperature and other factors that limit algal growth (Cerco & Noel, 2017). The calcu-
lated spatially varying GPP is averaged with the weight of element area for the entire York River Estuary in each 
scenario and sensitivity test.

2.4.4.  Material Fluxes

Annual-averaged net material fluxes were calculated along the 11 transects from the upstream to the downstream 
to study the role of the marshes (Figure 1bc). Net fluxes of dissolved organic carbon (DOC) and inorganic nutri-
ents (dissolved inorganic nitrogen, DIN, and phosphate, 𝐴𝐴 PO4

3− ) were analyzed in the Base Scenario and all the 
sensitivity tests. The net flux is the difference between outflux (marked as positive toward the mouth of the York 
River) and influx (marked as negative), both of which are calculated as the sectionally integrated product of the 
flow velocity normal to the transect and the concentrations of materials:

net f lux = outf lux − inf lux =
∫
A

(𝑢𝑢𝑛𝑛 ⋅ Var)dA� (35)

 21698961, 2023, 2, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2022JG

007066, W
iley O

nline L
ibrary on [06/02/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Journal of Geophysical Research: Biogeosciences

CAI ET AL.

10.1029/2022JG007066

13 of 24

where 𝐴𝐴 𝐴𝐴𝑛𝑛 is the normal velocity (m s −1), 𝐴𝐴 Var is the concentration of DOC or other nutrients, 𝐴𝐴 A is the vertical area 
of the transect (m 2).

3.  Model Assessments
3.1.  Physical Environments

CBP and VECOS stations along the channel of the York River are used to evaluate the model skills of salinity 
(Figure 5). In Figure 5a, the 4-year averaged observed salinities are represented by colored circles with light 
gray crosses inside. As evidenced by the fact that most of the circles completely disappear into the background 

Figure 5.  (a) Four-year averages of salinity along the York-Pamunkey River channel as shown in Figure 1. The colored contours represent model results; the colored 
circles with gray “+” represent the observations from the Chesapeake Bay Program (CBP). (b–h) Time series of observed and modeled salinity at York River Estuary 
stations from upper stream to the mouth. (b) In station TF 4.2, the gray line denotes the high frequent observations from Virginia Estuarine and Coastal Observing 
System (VECOS) and the red line represents the modeled bottom salinity. (c–h) In the remaining stations, gray dots and circles denote CBP observations. Blue lines 
represent the surface modeled salinity and red lines represent the bottom salinity.
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Table 3 
Skill Assessment (Root Mean Square Error (RMSE), Correlation Coefficient (CC), and Relative Error (RE)) for Model-
Data Comparisons of Certain Water Quality Station Variables From 2010 to 2014

Region Station Index Layer Salinity Chl-a DO DIN𝐴𝐴 PO4

3+ 

Pamunkey TF4.2 RMSE S 0.54 8.09 2.73 0.14 0.03

TF4.2 RMSE B 0.53 / 2.86 0.15 0.03

TF4.2 CC S 0.90 0.22 0.85 0.76 −0.29

TF4.2 CC B 0.81 / 0.84 0.74 −0.29

TF4.2 RE (%) S 35.21 12.80 9.92 18.19 26.92

TF4.2 RE (%) B 50.38 / 14.79 18.35 37.28

RET4.1 RMSE S 2.15 7.75 1.45 0.14 0.04

RET4.1 RMSE B 2.19 / 1.58 0.14 0.04

RET4.1 CC S 0.86 0.18 0.92 0.60 0.50

RET4.1 CC B 0.85 / 0.91 0.61 0.50

RET4.1 RE (%) S 11.55 19.98 9.29 43.33 46.12

RET4.1 RE (%) B 8.13 / 10.84 45.24 44.91

Mattaponi TF4.4 RMSE S / 5.35 3.54 0.15 0.06

TF4.4 RMSE B / / 3.65 0.14 0.06

TF4.4 CC S / 0.21 0.80 0.28 0.13

TF4.4 CC B / / 0.80 0.27 0.14

TF4.4 RE (%) S / 59.76 23.44 4.49 46.05

TF4.4 RE (%) B / / 27.58 1.46 53.98

RET4.2 RMSE S 2.91 7.85 2.17 0.12 0.03

RET4.2 RMSE B 2.75 / 2.08 0.12 0.03

RET4.2 CC S 0.84 0.23 0.84 0.61 0.56

RET4.2 CC B 0.82 / 0.85 0.55 0.54

RET4.2 RE (%) S 19.15 15.74 5.50 13.47 24.26

RET4.2 RE (%) B 14.28 / 5.65 16.09 25.93

York RET4.3 RMSE S 2.34 25.15 1.80 0.11 0.03

RET4.3 RMSE B 2.93 / 2.25 0.12 0.03

RET4.3 CC S 0.88 −0.10 0.88 0.67 0.75

RET4.3 CC B 0.79 / 0.85 0.46 0.77

RET4.3 RE (%) S 9.08 50.67 14.69 54.57 34.62

RET4.3 RE (%) B 15.26 / 22.24 57.41 31.67

LE4.1 RMSE S 1.81 14.11 1.67 0.10 0.03

LE4.1 RMSE B 2.71 / 2.37 0.10 0.04

LE4.1 CC S 0.93 −0.20 0.93 0.22 0.73

LE4.1 CC B 0.76 / 0.90 −0.14 0.76

LE4.1 RE (%) S 7.08 31.80 16.88 52.61 27.85

LE4.1 RE (%) B 11.90 / 28.26 52.16 34.25

LE4.2 RMSE S 1.65 4.21 1.44 0.09 0.03

LE4.2 RMSE B 1.44 / 1.53 0.08 0.02

LE4.2 CC S 0.89 0.27 0.95 −0.10 0.70

LE4.2 CC B 0.77 / 0.92 0.03 0.70
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in Figure 5a, the overall average RMSE of salinity in the York River Estuary stations is 1.81 PSU at the surface 
and 2.05 PSU at the bottom (Table 3). In addition, the mean seasonal RMSE of salinity at all the stations is 2.07 
PSU at the surface and 2.37 PSU at the bottom. Particularly, the RMSE of the high-salinity season is 1.96 PSU at 
the surface and 1.73 PSU at the bottom. The model captures the saltwater intrusion events well in terms of occur-
rence, duration, and salinity magnitude (Figure 5b). The error in salinity is less than 0.8 PSU at Station TF4.2 
(White House). In addition, the model captures well the stratification in the lower York River (Figures 5f–5h).

In the York River Estuary, the high-frequency data of total water depth at two VECOS stations and the historic tidal 
range from the NOAA tide tables are used to evaluate the model skills for the tidal range (Cai, Qin, et al., 2022; 
Cai, Shen, et al., 2022). The modeled tidal range agrees with the historic observations along the York River and 
captures its along-channel variability, with an RMSE of 4.69 cm (Cai, Qin, et al., 2022; Cai, Shen, et al., 2022). 
The model tends to overestimate the tidal range at the mouth of the York River while underestimating at the upper 
end of the Pamunkey and Mattaponi. The largest difference in the tidal range is 7.98 cm at the station of North-
bury, in the Pamunkey River. Since the historical data were measured a long time ago, changes in bathymetry in 
the York River could be expected. Harmonic analysis shows that the major constituents are well modeled in terms 
of phases and amplitudes (Cai, Qin, et al., 2022; Cai, Shen, et al., 2022). The model results slightly overestimate 
the M2 amplitudes by 1.36 cm at Station Sweet Hall and 2.31 cm at Station White House. Overall, the model 
performance on tidal simulation is satisfactory.

3.2.  Water Quality Variables

Overall, the model captures the seasonal cycles and interannual variability of chlorophyll-a, DO, DIN, and 𝐴𝐴 PO4
3− 

(Figure 6). Model skill statistics for these variables are presented in Table 3 and summarized in target diagrams 
(Figure 6ef). The model successfully simulates the chlorophyll-a concentrations in the Pamunkey and York 
Rivers, but the model slightly underpredicts the peak chlorophyll-a concentrations at West Point. DO is reasona-
bly predicted with a high CC (larger than 0.80), a small RE (mostly less than 25%), and a low normalized RMSE 
for all the York stations (Table 3). The simulated DIN generally follows the observed pattern of high spring 
concentrations and low summer/fall concentrations. The magnitude is captured with a relatively small RMSE 
(0.12 g m −3 on average), though it is underestimated by the model in the fall of 2013 when the observed DIN is 
higher than the other years. Phosphate is also well simulated by this model and shows the typical seasonal pattern 
that the concentration is low in spring and high in summer and fall.

3.3.  Tidal Marshes

Overall, the model results for marsh biomass and productivity show a qualitatively reasonable seasonal pattern 
(Figures 7a–7e). The high biomass is around 600 g C m −2, which is in the same range as the measured range 
of 490–800 g C m −2 (Davies, 2004; Perry & Hershner, 1999). In Sweet Hall Marsh, marsh biomass tends to be 
relatively low at marsh edges where the inundation stress is high and tends to increase toward landward loca-
tions where the inundation stress is reduced (Figure 7f). With the identical initial distribution of marsh biomass 
among the three groups, the distribution of marsh species and biomass after equilibrium is generally consistent 
with the spatial pattern of the observed local community structure (Mitchell et al., 2017). The group of fresh-
water marshes, which prefer low salinity, has lower biomass toward the West Point where higher salinity occurs 
(Figure 7e), and it takes up the majority of the tidal marshes in the study area. Spring and summer are dominated 
by marsh growth, while respiration and mortality are larger than production in fall and winter (Figure 7c). The 
tidal freshwater marsh in Sweet Hall receives greater salinity stress in high-salinity seasons (i.e., summer and 

Table 3 
Continued

Region Station Index Layer Salinity Chl-a DO DIN𝐴𝐴 PO4

3+ 

LE4.2 RE (%) S 2.55 4.04 14.58 45.69 22.04

LE4.2 RE (%) B 1.50 / 16.26 13.90 20.94

Note. Model outputs are interpolated onto the corresponding observation times (insufficient number of observations is 
denoted by “/”).
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fall). The shading effect is stronger in summer when marsh biomass is higher. Marsh growth received increased 
inundation stress in fall and winter, but the difference is minor.

We also tested the responses of marsh biomass to different parameter sets (Figure 8). Because marsh growth 
mainly depends on light and temperature, while salinity and tidal range do not change much in the sensitivity 
tests, the simulated marsh biomass is mainly sensitive to model dynamic parameters (e.g., 𝐴𝐴 Topt , 𝐴𝐴 Pmbs , 𝐴𝐴 bmlf , 

𝐴𝐴 bmst , and 𝐴𝐴 bmrt ). An increase of 50% in both growth rate and metabolism rate causes a 29.52% reduction in the 
mean biomass, while a 25% decrease in the two rates increases the mean biomass by 24.97%. An increase or 
decrease of 5°C in the optimal temperature of the leaf growth decreases or increases the mean biomass by 6.26% 
and 3.55%, respectively. On the other hand, changes in carbon to nitrogen or phosphorus ratio (𝐴𝐴 Anc and 𝐴𝐴 Apc ) have 
little impact on marsh biomass (e.g., variations are <0.24%).

4.  Discussion
4.1.  Impacts of Marsh on Oxygen Dynamics and Organic Carbon

DO below saturation level has been observed in the water body adjacent to the marshes. In the Pamunkey River, 
the loss of DO due to marsh is estimated to be about 1.12–2.77 g m −2 day −1 (Cerco & Noel, 2017). To test the 
effects of marsh on DO, we compared model simulations of the Base Scenario (with marsh) and NV0 (without 

Figure 6.  (a–c) Comparisons of model-simulated (blue lines) and observed (red dots) water properties at three stations along the channel of the Pamunkey to the York 
River, including surface chlorophyll-a, bottom DO, DIN, and 𝐴𝐴 PO4

3− . (d) Comparisons of model-simulated (red lines) and observed (gray lines) high-frequency elevation 
and bottom DO at VECOS station SH. (e, f) Target diagram for DO, DIN, phosphate, salinity, temperature, and surface chlorophyll-a at all CBP stations with sufficient 
observations (RET4.1, RET4.2, RET4.3, LE4.2, and LE4.2). Station locations are denoted in Figure 1a.
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marsh). If the biological function of the marsh is removed, the spatial pattern of the annually averaged bottom DO 
in NV0 (red line in Figure 9b) is closer to saturation in the shallow water of the upstream, as expected. However, 
the Base Scenario (blue line in Figure 9b) shows that the existence of a highly productive marsh, which drives 
more heterotrophic respiration, tends to decrease the bottom oxygen concentrations along with a higher level of 
DOC in the system (Figure 9bc). The suggested high pelagic respiration is also supported by experiments in other 
systems (Koch & Gobler, 2009). Compared with NV0, the existence of the marshes not only lowers the overall 
bottom DO level but also enhances the diurnal swing of DO inside and adjacent to the marshes (Figure 10b). 
During low tide, the DO concentration sometimes drops to below 2 g m −3, accompanied by the export of high 
DOC and oxygen demand (e.g., sulfide) from the anaerobic marsh sediments (Figure 10ab-3). The outflow of 

low-DO water further drives the swing in the creeks and channels. The drop 
in DO concentration during low tide is consistent with observations in other 
systems such as Jug Bay in Maryland (Swarth & Peters,  1993), Elkhorn 
Slough (Nidzieko et al., 2014), and Lower South San Francisco Bay (Roberts 
et al., 2022) in California.

The highly productive marshes tend to be significant sources of organic 
carbon for the York River Estuary. Marshes from Horseshoe in the upstream 
Pamunkey River to the West Point contribute about 60%–75% of the annual 
net flux of DOC near the West Point (Figure 11a). As a result, the overall 
DOC concentration decreased significantly in the York River Estuary in the 
sensitivity test NV0, especially in the Pamunkey River (about 80%) once the 
extensive marshes were removed (Figure 9c). In other sensitivity tests, the 
changes in both the DOC concentration and DOC net fluxes are relatively 
minor (Figure 12a for the net fluxes at West Point, fluxes at other interfaces, 
and concentrations are not shown). The major reason for the minor changes 
in the DOC and DOC fluxes is that marsh biomass does not change much in 

Figure 7.  (a, b) Spatial averages of marsh biomass (including leaf, stem, and root) and net marsh productivity in Sweet Hall 
Marsh. (c) Seasonal leaf growth versus respiration of the tidal freshwater marsh in the Sweet Hall sampling station which 
is denoted by red triangle in (f). (d) Seasonal variations of the limitation functions of the tidal freshwater marsh in the same 
sampling station as (c). (e) Spatial distribution of tidal freshwater marsh leaf biomass in the York River Estuary in summer, 
and (f) Zoom-in of the Sweet Hall Marsh.

Figure 8.  Response of annually-averaged tidal freshwater marsh biomass 
(g C m −2) in the Sweet Hall Marsh to sensitivity tests listed in Table 2 (GM1,2, 
TG1,2, and NP1,2). “High” denotes the changed parameters are larger than the 
Base Scenario and “Low” indicates the modified parameters are smaller than 
the original values.
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these sensitivity tests except for GM1 and GM2 (Figure 8). For example, in NP1, and NP2, the marsh biomass 
changes by less than 0.24%, and the DOC net fluxes change by less than 0.8%. Although marsh biomass changes 
up to about 30% in GM1 and GM2, the changes in net DOC outfluxes are less than 7% due to a compensating effect 
from carbon settling and release in the lower layer. Because of the presence of marsh, the surface chlorophyll-a 
concentration is also higher in the Base Scenario compared to NV0. Although the higher chlorophyll-a concen-
tration (<2 𝐴𝐴 μ g L −1) also contributes to the higher DOC level (<0.12 g m −3), this contribution is much smaller 
than the DOC change caused by marsh (about 3 g m −3; Figure 9c). Thus, the model results suggest that the 
dominant contributor to DOC changes is not phytoplankton but tidal marshes. Qin and Shen (2019) show that 
ecosystem gross primary production (GPP) is several times larger than the pelagic GPP in the Pamunkey River, 
suggesting a high contribution from the tidal marshes, which is consistent with this model estimations. There are 
limited available DOC observations, and synthesis of observed DOC fluxes on an estuary scale is still lacking. 
According to the limited DOC observations in the York River Estuary, the DOC concentrations range from 3 to 
6 g m −3, which agrees with our model results. However, large variations of DOC exchanges between the marshes 
and the adjacent water in the channels have been observed at different sites and times (Bukaveckas, 2021; Czapla 
et al., 2020; Neubauer & Anderson, 2003). These observations suggest that marshes may either be a source or a 
sink to DOC at different locations on the local scale.

In addition, this model performs well in simulating DO against measurement in the adjacent channel, suggesting 
the model's biochemical processes function correctly to simulate the low DO. Our model configuration suggests 
that a large portion of DO is consumed by the DOC in the marsh. This is consistent with some existing marsh 
models in the literature that simply add a DO sink term to include marsh respiration with an appropriate respira-
tion rate based on observed values in the Pamunkey River and other marshes (Cerco & Noel, 2017).

4.2.  Impacts of Marsh on Nitrogen and Phosphorus

Overall, tidal marshes tend to be a nutrient modifier (Figures 9d–9f). In this modeling study, the marsh func-
tions as a sink of nutrients directly through the settling of organics from fallen leaves or other tissues and 

Figure 9.  Comparisons of Base Scenario and selected sensitivity tests (NV0) on the annual mean values of bottom DO and 
other surface water properties, including chlorophyll-a, ammonia, nitrate and nitrite, phosphate, and dissolved organic carbon, 
along the channel of the Pamunkey and the York Rivers. The along-channel transect is denoted in Figure 1a. Locations of 
Gloucester Point (GP, CBNEER/VECOS station YB in Figure 1a), West Point (WP, CBP station RET 4.3), and Sweet Hall 
(SH) are denoted in panels (e, f) along with gray dotted lines.
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particulates transported to the marshes, as observed in various tidal marsh systems (DeLaune et al., 1981). The 
sediment mineralization processes can enhance denitrification to release nitrogen gas, which is consistent with 
field measurements and other estimations (Anderson et al., 1997; Axelrad et al., 1976; Bowden, 1986; Koch & 
Gobler, 2009). Given the larger form drag from the marsh plants than the estuarine water, tidal marshes trap the 
particulate nutrients quickly and incorporate them into the sediment layer. This helps reduce nutrient loading 
into the open water. However, diel DO variations occur in the tidal marshes and adjacent channels. The low-DO 
events in these diel cycles enhance bottom phosphate release and denitrification. For example, when the bottom 
DO concentration drops below 2 g m −3 at low tide (Figure 10b), a pulse of the bottom release of phosphate 
occurs (Figure 10d), which largely increases the phosphate concentration (Figure 10c). As a result, the phosphate 
concentration is lower in the sensitivity test NV0 than in the Base Scenario (Figure 9d) and the net phosphate  flux 
from the upstream decreases significantly in NV0 (Figure 11c). On the other hand, the diel bottom DO in the 
Base Scenario prompts more denitrification (Figure 9e), while there is more DIN retained in the system in the 
sensitivity test NV0 (Figures 9e and 9f). The presence of marsh reduces net DIN fluxes into the York River at 
West Point by about 10.5% (Figure 11b).

According to the sensitivity tests, changes in marsh growth rate, metabolism rate, and optimal growth tempera-
ture have little impact on net fluxes of inorganic nutrients from the upstream to the lower stream at the West Point 
(e.g., <7%, Figure 12b c-2), while the trend of nutrient impacts from the marsh is consistent with field meas-
urements and experiments in multiple systems (e.g., Anderson et al., 1997; Axelrad et al., 1976; Bowden, 1986; 
Feijtel et al., 1985; Jordan et al., 1983; Koch & Gobler, 2009). When the carbon to phosphorus ratio is increased 
by 100%, the 𝐴𝐴 PO4

3− fluxes are reduced by 32.0%. On the other hand, decreasing these ratios by 50% increases 

the flux of 𝐴𝐴 PO4
3− by 6.6%. The changes in 𝐴𝐴 PO4

3− and DIN outfluxes are generally proportional to each other 
with a negative linear relationship (Figure 12e). For example, in the sensitivity test of GM1, the change in DIN 
outfluxes is negative while the changes in DOC and 𝐴𝐴 PO4

3− fluxes are positive because lower DO due to higher 
DOC prompts more denitrification to remove DIN from the system.

Figure 10.  Zoom-in of a 9-day window of the simulated water properties (a) water depth, (b) dissolved oxygen, (c) 
phosphate, (d) sediment phosphate flux, and (e) denitrification at three sampling stations in the Sweet Hall in Base and NV0 
(marsh removal) scenarios. The three sampling stations are denoted in Figures 4b and 4c. The gray dotted horizontal line in 
(b) denotes a dissolved oxygen concentration of 2 g m −3. Gray dotted vertical lines denote a moment of low tide along with 
low-DO events.
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4.3.  Impacts of Marsh on Chlorophyll-A and Phytoplankton 
Productions

The impacts of tidal marshes on the ecosystem, including the phytoplank-
ton dynamics, result from a combination of physical and biological factors. 
In this study, the physical functions of tidal marshes were kept identical, 
and only the biological impacts of marshes were investigated based on 
different scenarios and sensitivity tests. The major biological impact of the 
marsh on adjacent water quality is nutrient availability. The marsh tends 
to enhance the growth of phytoplankton by providing a substantial source 
of nutrients, and this is consistent with experiments in other systems (e.g., 
Long Island, New York; Koch & Gobler, 2009). The chlorophyll-a concen-
tration in the upstream region above West Point tends to slightly decrease 
in the sensitivity test NV0 compared to the Base Scenario (Figure  9a). 
Along with the decreased chlorophyll-a in NV0, phytoplankton produc-
tion (PP) in the York River Estuary decreases by 3.1% (Figure 12d). The 
change in the PP is positively correlated to the changes in the 𝐴𝐴 PO4

3− net 
fluxes from the upstream through West Point (Figure 12g). Although the 
change in the PP has a significant linear relationship with the change in 
the DIN, the correlation is negative (Figure 12f). Therefore, PP is more 
limited by the availability of phosphate than DIN. However, the change 
in PP (3.1%) is much smaller in magnitude than the change in phosphate 
(72.3%), which indicates that the phytoplankton dynamic in the York 
River Estuary is mostly dominated by flushing and light limitations (Sin 
et al., 1999).

4.4.  Uncertainties and Limitations

In this study, we focused on the development and implementation of a new 
marsh model. This marsh model is embedded in a 3D hydrodynamic water 
quality model and is used to simulate the impacts of the marsh on estuarine 
biochemical processes in the York River Estuary. This model is developed 
based on current understanding and available data with a few assumptions. 
For example, low-DO events have been observed near tidal marshes, but the 

mechanism is not fully understood. The low-DO events could be caused by the increased heterotrophic respira-
tion driven by the DOC fluxes from the marshes or oxygen demand from the sediment of the tidal marshes (e.g., 
diffused sulfide). The material that is exported from the tidal marshes has been observed to be dominated by 
organic carbon or inorganic carbon at different times or locations (Chen et al., 2022; Czapla et al., 2020; Feijtel 
et al., 1985; Jordan et al., 1983; Knobloch et al., 2021; Koch & Gobler, 2009; Tzortziou et al., 2011). Currently, 
the marsh model in this study allows both exports of organic carbon and low sediment redox potential that 
consumes oxygen demand to fit the observations. However, the knowledge gaps about the low-DO mechanism 
and a lack of sufficient observations in marsh-relevant processes need to be further explored. In addition, a few 
simplifications were applied to the model implementations. For example, we did not include the simulations 
of the SAV in this study due to their much smaller footprints than the tidal marshes in this system, especially 
upstream (Moore, 2009). Also, the uncertainty of the bathymetry data makes it difficult to delineate the habitats 
of tidal marshes or SAV. In addition, this model does not include the small sub-tributaries of the York River 
Estuary, leaving out approximately 35% of the tidal marshes in the entire York River watershed, the majority of 
which are embayed in the sub-tributaries that must be highly resolved and require more computational resources. 
Due to the lack of observational data on marsh biomass and other fluxes between different interfaces, our model 
might need further calibration, even though the current simulation results are supported by relevant studies and 
field measurements. Sedimentation and the evolution of marsh platforms were not included because of the rela-
tively short (seasonal and annual) time scale, but their effects on biochemical processes can be substantial over a 
longer time scale (DeLaune et al., 1981; Hatton et al., 1982); in addition, the morphological feedback to physical 
processes will be significant, particularly if the marsh extent changes significantly, as implied by the tidal range 
results shown in Cai, Qin, et al. (2022), Cai, Shen, et al. (2022). Overall, our study here provides a successful first 

Figure 11.  Net fluxes of (a) dissolved organic carbon, (b) dissolved 
inorganic nitrogen, and (c) total inorganic phosphate from the upper stream 
of Pamunkey River to the downstream in the Base Scenario and sensitivity 
test NV0. Locations of these cross-sections are denoted in Figures 1b and 1c. 
The percentage denoted in each panel equals (NV0-Base)/Base 𝐴𝐴 ×  100%. In 
these cross-sections, the influx (negative) refers to the direction from the river 
mouth to the upper streams and the outflux (positive) refers to the direction 
from the upper stream to downstream.
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implementation of the marsh model to study the role of tidal marshes on estuarine biochemical processes under 
complex wetting and drying environments.

5.  Conclusions
We developed a new marsh model inside the framework of a 3D unstructured-grid hydrodynamic water quality 
model (SCHISM-ICM-Marsh) to study the roles of tidal marshes on estuarine biochemical processes in the York 
River Estuary. This model showed good performance in simulating the physiological processes of tidal marshes, 
the wetting-drying physical processes, and the interplay among water quality properties such as chlorophyll-a, 
DO, and other nutrients. The model results demonstrated that the tidal marshes drive the local diurnal swings 
of water column oxygen by adding the sediment oxygen demand and exporting dissolved organic carbon that 
drives the oxygen demand with the tidal flow. The oxygen concentration temporarily dropped to hypoxic levels 
in summer on a daily scale. High  transport of organic matter from the tidal marshes enhanced heterotrophic 
respiration in the estuary. In addition, tidal marshes tend to be modifiers of nutrients. Tidal marshes played an 
important role in the settling of particulate matter. The low-DO events in the tidal marshes and adjacent channels 
further increased the bottom phosphate release and denitrification, which enhanced phosphorus releases from the 
sediment but increased the removal of nitrogen from the system. In addition, estuarine phytoplankton produc-
tion and other biochemical processes were also impacted by the tidal marshes, but phytoplankton production is 
mainly limited by transport processes and light. Overall, the upstream marshes were found to exert a substantial 
influence on biochemical processes in the estuary. This developed model tends to advance the studies of marsh 
biogeochemistry by incorporating both the estuarine and wetland processes into a fully-looped system.

Figure 12.  (a–c) Net nutrient fluxes from the West Point to the York River and (d) spatially averaged phytoplankton production in the York River Estuary in Base 
Scenario and sensitivity tests. (e–g) Linear regressions between the changes of DIN fluxes, PO43- fluxes, and the estuary phytoplankton production as shown in (b–d). 
The colors of the points in (e–g) correspond to those in (a, b) for each sensitivity test.
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Data Availability Statement
Data and metadata are available in the Github repository at https://github.com/nicolecx122/ModelRole_JGRBGC 
(https://doi.org/10.5281/zenodo.7352036; https://zenodo.org/badge/latestdoi/508047127).
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