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Abstract.  

Seagrass meadows are widely recognized as a key blue carbon ecosystem. However, their sequestration potential varies 

remarkably between species and regions. In the world’s largest tidal flat system, the Wadden Sea, the highly dynamic hydro-10 

morphological environment affects carbon cycling, making a quantitative analysis of the sequestration potential of seagrass 

meadows extremely challenging. To fill this gap, we applied a coupled hydro-eco-morphodynamic model which resolves 

dynamic changes of seagrass to estimate carbon uptake and sequestration rates in a tidal basin of the Wadden Sea, the Sylt- 

Rømø Bay, as a case study. We further applied particle tracking to assess the fate of shed seagrass leaves. 

Our results indicate that the seagrass meadows in the bay have a carbon uptake of 895 ± 465 𝑡𝐶 𝑦𝑟−1  (or 40.8 ±15 

7.7 𝑔𝐶 𝑚−2 𝑦𝑟−1 ). Approximately 24% (9.8 ±  1.6 𝑔𝐶 𝑚−2 𝑦𝑟−1) of the annually captured carbon is stored in the meadow 

sediments, with a major part originating from the below-ground biomass. Approximately 28 % of the seagrass biomass is 

exported from the meadows as flotsam, and about a fifth of that (~6% of the total biomass) is deposited in salt marshes.  The 

remaining seagrass biomass (~48%) are either deposited as POC outside of the seagrass meadows, remineralized or grazed. 

Overall, we estimate a sequestration rate of 10.1 ± 1.5 𝑔𝐶 𝑚−2 𝑦𝑟−1  (including both autochthonous and allochthonous 20 

carbon) within the seagrass meadows, which is lower than previous estimates for both the seagrass in the region and global 

averages. Our findings also show that the continuity of seagrass meadows is crucial for the mid-term (decennial), and likely 

also for the long-term (centennial or longer) sequestration of organic carbon in the sediment.  

1 Introduction 

Even though Blue Carbon Ecosystems cover a comparatively small area globally, their importance for carbon sequestration is 25 

disproportionally high compared to terrestrial ecosystems (Duarte et al., 2013; Macreadie et al., 2021; Mcleod et al., 2011). 

All marine and especially coastal ecosystems are counted as Blue Carbon Ecosystems, with the most prominent examples 

being mangroves, tidal marshes and seagrasses (Lovelock and Duarte, 2019).   

Seagrasses store carbon in their biomass and in the soils underneath. While the carbon storage in the biomass is on short 

(seasonal to several years; leaves) to intermediate (decadal to centennial; roots and rhizomes) time scales (Zou et al., 2021), 30 

the carbon sequestered in the seagrass sediment can be stored there for millennia (Dahl et al., 2024; Lo Iacono et al., 2008; 
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Piñeiro-Juncal et al., 2025). Compared to surrounding bare soils, seagrasses enhance the carbon sequestration by trapping 

allochthonous carbon in their canopy in addition to autochthonous carbon (Mazarrasa et al., 2015; Oreska et al., 2018; Ward 

et al., 2025). The magnitude of sequestrated carbon depends on the seagrass species and meadow connectivity, as well as on 

environmental factors such as sediment properties and hydrodynamic conditions (Dahl et al., 2016; Johannessen, 2022; Röhr 35 

et al., 2018; Schaefer et al., 2024). Generally, larger seagrass species with persistent growth in high spatial density have higher 

carbon sequestration rates than smaller, more sparse species (Kennedy et al., 2022). A study in a subtidal Zostera Marina 

meadow indicated that the persistence of seagrass patches appears to be the most important factor for long term (centennial 

and longer) carbon storage in the sediments (Schaefer et al., 2025). On the other hand, carbon storage in seagrass meadows 

can vary significantly at local scales (Prentice et al., 2020; Ricart et al., 2020; Schaefer et al., 2025). This complicates the 40 

extrapolation of carbon sequestration rates in seagrass meadows from local measurements to large-scale and global estimates 

(Kennedy et al., 2010) and necessitates process-understanding of heterological carbon cycling in a seagrass ecosystem.    

While most studies on seagrass carbon focus on the amount of carbon stored inside the seagrass meadows, the fate of the 

seagrass detritus (dead leaf and root material) is also important for understanding the impact of seagrass on the larger-scale 

carbon cycle beyond the habitat. According to existing literature, less than half of leaf material is buried within the meadow 45 

of its origin and the rest is either remineralized, grazed or exported outside the meadow (Duarte and Krause-Jensen, 2017; 

Kennedy et al., 2010; Zou et al., 2021). The exported carbon may end up in neighbouring ecosystems or be transported to the 

open ocean (Chang et al., 2024; Krumhansl et al., 2015). Since seagrass leaves are buoyant (Weatherall et al., 2016) and 

decompose slowly (half-life of 141 ± 30 days) (Pan and Holmer, 2025; Trevathan-Tackett et al., 2020) they can be distributed 

over large areas before settling down and being potentially buried in the sediment (Chang et al., 2024; Duarte and Krause-50 

Jensen, 2017).  

Little is known on the organic carbon stock and the blue carbon potential in the Wadden sea (Koplin et al., 2025). An estimation 

of the carbon stock and carbon sequestration rate in the German Wadden Sea was made by Oppelt et al. (2024) based on 

observations of seagrass spatial coverage. They estimated that ~1.3 Mt of carbon are stored in the upper 1 𝑚 of sediment of 

German Wadden Sea seagrass meadows and that these meadows sequester up to 9182 t of Carbon per year. Most of the carbon 55 

sequestration occurs in the Northern Wadden Sea, where the seagrass meadows cover approximately 16% of the intertidal flats 

(Kloepper et al., 2017). However, the estimation by Oppelt et al. (2024) was based on sequestration rates for seagrass measured 

in Scottland (Potouroglou, 2017) and Portugal (Martins et al., 2022).  This may contain large uncertainties when the rates are 

directly transferred to the Wadden Sea without considering the dependence of sequestration rate on regional conditions (Dahl 

et al., 2016; Prentice et al., 2020; Ricart et al., 2015, 2020; Röhr et al., 2018; Schaefer et al., 2024).  60 

In this study, we seek to fill the gap in quantitative research of carbon sequestration potential of seagrass meadows in the 

Wadden Sea. We developed a dynamic seagrass growth model based on observations of seagrass properties and seasonal 

change in the Wadden Sea and integrated it to a 3-dimensional hydro-morphodynamic model. The coupled model was then 

applied to the Sylt-Rømø Bay in the northern Wadden Sea as a case study. Our model explicitly resolves the bio-physical 

interactions between seagrass and ambient hydro-morphodynamic environments, including production of particulate organic 65 
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carbon (POC) in the seagrass meadows and subsequent deposition or transport by currents. We further considered the shedding 

of leaves and used a particle tracker to identify the spatial distribution of shed seagrass leaves biomass and their contribution 

to carbon sequestration in adjacent ecosystems such as salt marshes. Our results depict a comprehensive picture of source-to-

sink carbon pathways at a basin scale associated with seagrass. 

2 Study Area: Sylt-Rømø Bay 70 

The Sylt-Rømø Bay is a semi-enclosed tidal basin in the northern Wadden Sea at the border of Germany and Denmark. The 

islands of Sylt and Rømø separate the bay from the North Sea, while passageways to the islands cut the basin off from the 

neighbouring basins to the north and south, leaving only a narrow inlet as connection to the North Sea. Large-scale diking 

during the 20th century reduced the intertidal area, steepened the tidal flats and increased tidal amplitude (Reise, 1998), 

effectively limiting the suitable habitat for intertidal seagrass.  75 

The resulting bay has an area of approximately 410 𝑘𝑚2, and the average water depth is approximately 4 𝑚, with a maximum 

depth of 37 𝑚 in the tidal inlet. The sediments are predominantly sandy, with coarser material in deeper channels and finer 

fractions on intertidal flats. The mud content is generally <5% but can reach up to ~50% in shallow areas, particularly within 

and adjacent to seagrass meadows. Overall, the isolation of the bay led to relatively stable morphodynamics and low sediment 

input from the North Sea (Konyssova et al., 2025). The two barrier islands shelter the bay from wind and waves from the North 80 

Sea. The main drivers for hydro- and morphodynamics are the semi-diurnal tides, storm surges and local winds. The tidal 

currents reach up to 2 m/s in the intertidal channels. The mean tidal amplitude is 1.7 𝑚 (Konyssova et al., 2025). Several 

studies on hydrodynamics and sediment transport have been carried out in this basin (de Beer et al., 2005; Fofonova et al., 

2019; Kappenberg et al., 1998; Konyssova et al., 2025; de la Vega et al., 2018; Mohr et al., 2025; Pejrup et al., 1997), making 

it one of the most studied areas in the northern Wadden Sea.   85 

The bay has a longstanding seagrass population, which is dominated by the perennial and intertidal seagrass Zostera noltii, 

which are intermixed with intertidal, annual Zostera marina (Dolch et al., 2017). The core area of the seagrass meadows has 

remained stable since the 1930s. Annual monitoring of the seagrass meadows since 1994 shows a continuous increase in 

meadow area until 2012. Afterwards, the core position and overall density of the meadows stabilized, indicating that the 

seagrass meadows have reached their optimum extent in recent years (Dolch et al., 2013). It is worth noting that although the 90 

core areas of the meadows remained stable, the areas with lower density coverage (<60% cover), the boarders and the shoot 

density inside the meadows can vary considerably between the years (Fig. 1b Error! Reference source not found.). 

The seagrass in the Wadden Sea is also featured by a strong annual growth cycle. Seagrass sprouts in May, and the meadows 

reach their maximum extent and shoot density in August (Vermaat and Verhagen, 1996). Seasonal leaf fall begins by the end 

of August, and massive grazing by migratory birds starts in September. Most of the above-ground leaves that have not been 95 

grazed are shed by December, while most roots and rhizomes remain underground.  
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Figure 1: Map of the Sylt-Rømø Bay. (a) Topography of the bay. The grey dotted line is the border between Germany and Denmark. (b) 

Location of seagrass meadows and saltmarshes in in the Sylt-Rømø Bay from 2010-2014. The observational data for seagrass meadows can 

be accessed at LKN.SH Nationalparkverwaltung (2024), the observational data for saltmarshes at Datahuis Wadden (2023) 100 

3 Methods 

We implemented an iterative simulation procedure using the 3D-hydro- and morphodynamic model SCHISM (Zhang et al., 

2016) and the intertidal seagrass growth model SGINT developed for this study. This iteration allows for a dynamic feedback 

between hydro- morphodynamics and seagrass.  

The iteration is to run the hydro-morphodynamic model using an initial distribution of seagrass with prescribed shoot density, 105 

leaf biomass, and root biomass as the first step. After simulating one week of hydrodynamics and morphological changes, 

weekly mean values of temperature, inundation time, wind speed, and incoming solar radiation are calculated for each grid 

cell. These mean values are then transferred to the intertidal seagrass growth model SGINT to update the seagrass properties. 

A new distribution map of seagrass is generated, which is used for the next round of hydro-morphodynamic simulation. 

Additionally, a fraction of the biomass that is lost between two successive timesteps of the SGINT model is converted to 110 

particulate organic carbon (POC) (see section 3.3). Subsequent transport, deposition and resuspension of the POC is simulated 

as a sediment class in the hydro-morphodynamic model. The iteration between the hydro-morphodynamic and the seagrass 

modelling continues until the end of the simulation period. The flowchart is illustrated in Figure 2. 
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Figure 2: Flow chart of the modelling process, including a schematic overview of the intertidal seagrass model SGINT.  115 

3.1 Hydro- and morphodynamical model  

The numerical simulations of hydro- and morphodynamics were performed using the SCHISM model (Zhang et al., 2016), a 

3D hydrodynamic model based on an unstructured horizontal grid and hybrid s-z vertical coordinates. The model allows meter-

scale spatial resolution with relatively large time steps due to its semi-implicit time-stepping scheme. SCHISM solves the 

baroclinic Reynolds-averaged Navier–Stokes equations under hydrostatic and Boussinesq assumptions, using a semi-implicit 120 

finite element/finite volume method with an Eulerian–Lagrangian approach. Tracer transport is simulated using a TVD scheme 

in the vertical and a WENO solver in the horizontal. Turbulence closure follows the generic length-scale formulation with k–

ϵ parameterization (Umlauf and Burchard, 2005).  

SCHISM includes MORSELFE (Pinto et al., 2012), a module for sediment transport, which accounts for morphological 

changes resulting from erosion and deposition.  125 

The impact of vegetation such as seagrass on hydrodynamics is implemented through a modification of the momentum 

equation by introducing an additional drag term and by expanding the turbulent kinetic energy equation with an additional 

source of turbulence. The additional terms depend on the vegetation parameters for shoot density 𝑁, canopy height ℎ𝑐𝑎𝑛 and 

stem/leaf diameter 𝐷, as well as a vegetation-dependent drag term 𝑐𝐷.  
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 3.2 Seagrass Growth Model 130 

The growth model for intertidal seagrass (SGINT) is developed based on the model for Zostera marina from Zharova et al. 

(2001). The growth and decay of seagrass biomass depend on environmental parameters and internal feedback. The model 

uses three state variables, namely the single leaf biomass 𝐵𝑆, the shoot density 𝑁, and the below ground biomass 𝐵𝑅 . The 

canopy height ℎ𝑐𝑎𝑛  is used as an auxiliary state parameter. 𝐵𝑠  is converted to ℎ𝑐𝑎𝑛  using a linear function ℎ𝑐𝑎𝑛 = 𝐵𝑆 ⋅

0.0036 𝑚2 𝑔𝐶−1, based on measurements of biomass and canopy height in Zostera noltii meadows (Laugier et al., 1999). The 135 

growth or decay rate of the state variables is determined by temporally averaged values of temperature, radiation, mean 

inundation time, and wind speed. A detailed description of the SGINT model and its validation can be found in Appendix A. 

3.3 Seagrass as a source of POC 

The loss of seagrass biomass provides a source of POC, which is represented as a sediment-class tracer in the model. Seagrass 

biomass disintegrates into small particles due to decay and mechanical forces. For simplifying the model processes, we assume 140 

that the decay of seagrass biomass into POC occurs simultaneously with the loss of biomass at each model timestep and at the 

location where the seagrass biomass is lost.  

Above-ground (AG) POC export is computed as:  

𝑃𝑂𝐶𝐴𝐺 = Δ𝐵𝐴𝐺 ⋅ 𝑓𝑒𝑥𝑝,𝐴𝐺  (1) 

where Δ𝐵𝐴𝐺  [𝑘𝑔𝐶] is the change in AG biomass and 𝑓𝑒𝑥𝑝,𝐴𝐺  is the fraction exported from the meadow as POC. 𝑓𝑒𝑥𝑝 is based 145 

on global estimates of the portion of seagrass production exported from seagrass meadows as POC (Duarte and Krause-Jensen, 

2017; Zou et al., 2021). The model continuously releases POC to the water column where loss of seagrass biomass occurs.  

Loss of below-ground (BG) biomass is treated analogously to produce POC. The produced POC is added to the bottom 

sediments. It is worth noting that POC is considered as recalcitrant in this study, since seagrass decomposes slowly (Pan and 

Holmer, 2025; Trevathan-Tackett et al., 2020).  150 

The sequestration rates of seagrass-originated POC depend strongly on the values set for 𝑓𝑒𝑥𝑝, as illustrated by Figure B1. This 

study uses 𝑓𝑒𝑥𝑝,𝐴𝐺 = 40% and 𝑓𝑒𝑥𝑝,𝐵𝐺 = 3%, based on globally combined observational values for seagrass (Duarte and 

Krause-Jensen, 2017; Zou et al., 2021), since no estimates exist for intertidal seagrass in the study region. 

3.4 Tracking of seagrass debris 

Loss of seagrass biomass in Z. noltei occurs when leaves are torn off either by wind or currents, especially in autumn when 155 

the leaves start to age and get weak. The resultant seagrass debris is transported by the currents and can be deposited on bare 

ground such as sand banks, beaches or in neighbouring salt marshes (Hyndes et al., 2022; Mateo, 2010). To our knowledge, 

no research has been done yet on the fate of large seagrass debris in the Wadden Sea.  

The possible trajectories of large seagrass debris being uprooted from the seagrass meadows are calculated using the lagrangian 

particle tracker OceanTracker (Vennell et al., 2021). OceanTracker uses the outputs of the hydrodynamic model to derive the 160 

https://doi.org/10.5194/egusphere-2026-616
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



7 

 

physical conditions at the location of the particle and its subsequent trajectory. Particles representing seagrass leaves are 

released where loss of seagrass biomass due to aging, wind scouring or shedding occurs. The subsequent trajectories are 

calculated in two phases. The first phase is characterized by a positive buoyancy, since freshly torn-off seagrass leaves have a 

positive buoyancy and can therefore be transported over long distances (Berković et al., 2014; Weatherall et al., 2016). After 

approximately three weeks, the drifting seagrass leaves start to lose their buoyancy due to decay (Berković et al., 2014). This 165 

turns to the second phase of the debris trajectories with a sinking velocity. We adopted a constant sinking velocity of 0.0076 

ms-1 following the study by (Berković et al., 2014). Debris can strand and be deposited on the bottom, from where they can be 

resuspended when the critical friction velocity at the bottom exceeded 0.045 ms-1 (Berković et al., 2014). The final positions 

of the debris after 90 days in their second phase were analysed to estimate the distribution of the seagrass leaf debris biomass 

in the basin. 170 

3.5 Model Setup 

The model domain consists of the entire Sylt-Rømø Bay, as well as the adjoining part of the North Sea off the coasts of the 

islands of Sylt and Rømø. The grid resolution gradually increases from 500 m at the open boundary in the offshore area to 100 

m inside the bay. In the vertical plane, a hybrid sz-grid is adopted, with 11 evenly distributed s-levels and one z-level. While 

the analysis mainly focuses on the bay, the offshore area plays a non-negligible role in providing both a sediment source and 175 

sink, and a buffer between the open boundary and the bay to mitigate potential boundary effects. The bathymetry was initialized 

with data from the digital terrain model obtained from the easyGSH-DB portal (Sievers et al., 2020). The water levels are 

forced at the open boundary by a combination of short-term astronomical tides that are constructed using FES2014 (FES2014 

Product [data set], 2023) and by long-term variations extracted from the Helgoland Tide Gauge which is located near the model 

boundary (Wasserstand (Ganglinie) Mess-Station Helgoland Binnenhafen [Data Set], 2024). Forcing data for temperature, 180 

solar radiation, and wind velocities are provided on an hourly basis by coastDat-3 (https://www.coastdat.de/).  

Three sediment classes are included in modelling, namely mud (grain diameter 50 μm), fine sand (grain diameter 120 μm), 

and coarse sand (grain diameter 300 μm). Additionally, three classes representing allochthonous and seagrass originated POC 

are included. The parameter settings for the sediment classes can be found in Table 1. The sediment distribution was initialized 

using the interpolated grain size distribution dataset from AufMod (Sedimentologische Parameter Modellgitterpunkte (Projekt 185 

AufMod) [Data set], 2023). The initial bed thickness is set to 10 m according to the thickness map of mobile sand produced 

by Zeiler et al. (2014). Validation of the hydro-morphodynamic model can be found in Appendix C and Mohr et al. (2025). 

 

The seagrass model is parameterized to represent properties of the genus Zostera noltii, which is the dominant seagrass species 

in the study area. The less dominant Zostera marina is excluded from the simulation, since it is unstable in space and time, as 190 

it is an annual variety that spreads via seed dispersal. A list of the parameters used for the seagrass model, as well as its 

validation, can be found in the Appendix A.  
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Table 1: List of model parameters for the different sediment classes: Grain diameter 𝒅𝟓𝟎, settling velocity 𝒘𝒔𝒆𝒕𝒕, erosion rate 𝑬𝒓 and critical 

shear stress for erosion 𝝉𝒄𝒓. 

Sediment class Coarse sand Fine sand Mud POC open 

boundary 

POC above 

ground 

biomass 

POC below 

ground 

biomass 

𝒅_𝟓𝟎 [mm] 0.3 0.12 0.05 0.05 2.0 1.0 

𝒘𝒔𝒆𝒕𝒕 [mm/s] 25 1 0.2 0.02 0.01 0.01 

𝑬𝒓 [s/m] 3 × 10−5 4.15 × 10−4 8.15 × 10−4 8.15 × 10−4 8.15 × 10−4 8.15 × 10−4 

𝝉𝒄𝒓 [Pa] 9.9 0.3 0.11 0.11 0.11 0.11 

 195 

4 Results 

4.1 Seasonal dynamics of Seagrass growth and Carbon uptake 

The seasonal change of shoot biomass, shoot density and root biomass was validated against measurements of Z. Noltii 

meadows located near Sylt. Since the observations are sparse in time and space, the observed values at multiple local sites 

covering several years were combined to get a monthly range of values for an annual cycle.  200 

The simulated canopy height and shoot density are well within the range of the observed values (Fig. 3). The mean simulated 

canopy height has its minimum in April (Fig. 3a), and increases thereafter, reaching its maximum in late August. Afterwards, 

the canopy height declines, though a bit slower than the observations. The shoot density also has its minimum in April (Fig. 

3b), and a strong growth of shoots starts from the beginning of June, being a few days later in the simulation than the 

observations. The shoot density reaches its maximum in September and afterwards declines.  205 

Since there are no observations of root biomass in this region, the simulated root biomass was validated against a general 

seasonal trend that was observed in root biomass of seagrass meadows in the Dutch Wadden Sea (Philippart, 1995; Vermaat 

et al., 1987; Vermaat and Verhagen, 1996). The ratio of root biomass to above-ground biomass is approximately 2:1 in winter 

and 1:3 in summer. While the minimum and maximum of the BG biomass are in the same range as the observations, a time 

lag of about one month is seen in the simulation results in reproducing the maximum BG biomass (Fig. 3c). 210 
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Figure 3: Comparison of observations and model results of (a) seagrass canopy height, (b) shoot density and (c) root biomass. The 

observations of the root biomass are derived from the above ground biomass, using the ratio found in between above and below 

ground biomass in the Dutch Wadden Sea (Philippart, 1995; Vermaat et al., 1987; Vermaat and Verhagen, 1996). 

The above ground biomass reaches a maximum of 16.8 ± 5.4 𝑔𝐶 𝑚−2  on average, which is approximately three times as high 215 

as the maximum of the below ground biomass (5.7 ± 1.5 𝑔𝐶 𝑚−2 ) (Figure 4). The highest gain occurs in July (2.8 ±

0.7 𝑔𝐶 𝑚−2) and the highest loss at the end of September (2.7 ± 0.7 𝑔𝐶 𝑚−2). 

Based on the validated growth dynamics, the annual carbon uptake was estimated to be  850 ± 425 𝑡𝐶 𝑦𝑟−1. This corresponds 

to a total annual carbon uptake of 39.9 ± 7.3 𝑔𝐶 𝑚−2 𝑦𝑟−1 for the meadow area, of which 32.2 ± 5.8 𝑔𝐶 𝑚−2 𝑦𝑟−1  is above 

ground and 8.59 ± 2.3 𝑔𝐶 𝑚−2 𝑦𝑟−1 is below ground. The large variability stems from the differences in meadow area among 220 

the simulated years. Interannual differences in mean meadow biomass can also largely be explained by the different meadow 

extents, as the fraction of meadow area within the optimal depth range for growth (between -0.5 m and 0.5 m above the mean 

sea level) varies between years.  
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Figure 4: Development of (a) biomass and (b) the gain and loss of biomass throughout the year, for 2010 to 2014 225 

4.2 Carbon burial caused by seagrass meadows 

The carbon burial rate in the tidal flats was calculated as the difference in sedimentary carbon between the initial condition 

and the end of the simulation, divided by the number of simulated years. The areas with and without seagrass cover are 

distinguished. In addition, the areas with seagrass cover were categorized into several groups depending on the duration of 

seagrass cover in these areas in the 5-year period from beginning of 2010 till the end of 2014. 230 

Results show a remarkable variation of the average carbon burial rates among different areas (Fig. 5). In areas covered by 

seagrass, the burial rate of seagrass-produced POC increases linearly with the duration of seagrass cover (Fig. 5b-c). In areas 

persistently covered by seagrass meadows for all five years, the burial rate is 1.82 ± 1.10 𝑔𝐶 𝑚−2 𝑦𝑟−1  and 0.15 ±

0.05 𝑔𝐶 𝑚−2 𝑦𝑟−1 for the POC originating from above and below ground biomass, respectively. By contrast, in the intertidal 

areas without seagrass cover, the burial rate of seagrass-produced POC from above and below ground biomass is 0.10 ±235 

0.16 𝑔𝐶 𝑚−2 𝑦𝑟−1 and 0.001 ± 0.004 𝑔𝐶 𝑚−2𝑦𝑟−1, respectively.  

For allochthonous POC imported from the open boundary, its burial rate is highest on the tidal flats without any seagrass cover, 

but it also features a high spatial heterology (1.60 ± 1.38 𝑔𝐶 𝑚−2 𝑦𝑟−1). Its burial rate in areas with seagrass coverage is 

lower, and especially among areas with seagrass coverage for one to four years, there are only minor changes in the burial 

rates (1 year: 0.39 ± 0.38 𝑔𝐶 𝑚−2 𝑦𝑟−1 ; 2 years: 0.33 ± 0.35 𝑔𝐶 𝑚−2 𝑦𝑟−1 ; 3 years: 0.43 ± 0.53 𝑔𝐶 𝑚−2 𝑦−1 ; 4 years: 240 

0.45 ± 0.63 𝑔𝐶 𝑚−2 𝑦𝑟−1 , Fig. 5a). In the areas with a persistent seagrass cover for all five years, the burial rate of 

allochthonous POC is 0.73 ± 0.65 𝑔𝐶 𝑚−2 𝑦𝑟−1, remarkably higher than the areas with shorter duration of seagrass cover. 
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However, although seagrass meadows are generally featured by a low burial rate of allochthonous POC, their presence can 

lead to an increase in burial rates. The longer the area is covered by seagrass, the stronger the effect becomes (Fig.5d).  

 245 

Figure 5: Boxplots of (a-c) mean annual burial rates on tidal flats for different POC sources, sorted by years with seagrass cover and (d) 

difference in mean annual burial rates compared to simulations without seagrass, for allochthonous POC from the open boundary. The 

boxplots show the median and normal spread for the sequestration rates; dots denote outliers from the spread. 

4.3 Fate of Leaf debris 

Our simulation results show that approximately 28% of seagrass biomass gained during annual growth is lost primarily by 250 

wind sloughing and subsequently transported away from the meadows by currents and wind in form of large debris. At the end 

of the tracking (114 days after release), 99.5% of the seagrass debris biomass are still located within in the basin. Their spatial 

distribution is shown in Fig. 6a. Almost half of the released debris biomass is located along the edges of the basin (49.9 ±

3.7 %), and the rest mostly on the tidal flats (44.4 ± 3.4 %). Only a small amount is in tidal channels (1.9 ± 0.2 %). While 

70.7 ± 7.6 % of the debris biomass is produced and released in the southern half of the bay, only 48.5 ± 4.3 % of that ends 255 

up in the same part of the bay, while the rest 26.2 ± 5.4 % of the debris ends up in the north-eastern part of the tidal basin. It 

is worth noting that approximately 20.5 % of the released seagrass debris ends up in saltmarsh areas. 

While the deposition of seagrass debris biomass at the edges and on the upper reaches of the tidal flats is consistent throughout 

the years, the debris biomass ending up adjacent to the channels and near the inlet can vary by more than 200% among the 

years (Fig. 6b), suggesting a dynamic depositional environment in these areas. 260 

https://doi.org/10.5194/egusphere-2026-616
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



12 

 

 

Figure 6: Distribution of seagrass debris biomass after 114 days since their release. a) shows the mean biomass distribution, averaged over 

five years for 2010-2014. The relative standard deviation b) shows the variability of the biomass distribution. The coastlines are from Sevdari 

and Marmullaku (2023). 

5 Discussion 265 

5.1 Carbon Pathways associated with seagrass  

The carbon pathways associated with seagrass are summarized in Figure 7. In total, approximately 895 ± 456 𝑡𝐶 𝑦𝑟−1 

(3285 ± 1674 𝑡𝐶𝑂2 𝑦𝑟
−1) are taken up by the seagrass in the bay from the atmosphere during the growth season,  with strong 

fluctuations among the years characterized by notable change in the spatial extent of seagrass meadows. This corresponds to 

a carbon drawdown of 40.8 ± 7.7 𝑔𝐶 𝑚−2 𝑦𝑟−1  (149.7 ± 28.3 𝑔𝐶𝑂2 𝑚
−2 𝑦𝑟−1) inside the meadows. 270 

27.9 ± 4.6 % of the carbon stored in the leaves are torn out by wind and waves and redistributed inside the basin in a form of 

large debris. A fraction of the debris ends up in saltmarshes, amounting to 5.8 ± 1.4 % of the total annual carbon taken up 

from the atmosphere. This corresponds to a deposition of 3.7 ± 2.4 𝑔𝐶 𝑚−2 𝑦𝑟−1 of seagrass carbon inside the saltmarshes 

when averaged over the saltmarsh area. Most of the remaining debris is redistributed inside the basin, with nearly half of it 

deposited at the basin edges and a majority of the other half deposited on the tidal flats after 114 days since the release. Only 275 

a very small portion (< 2%) ends up in the tidal channels or is further exported to the open North Sea.  

The conversion of seagrass to POC by decay and mechanical disintegration depends strongly on the factor 𝑓𝑒𝑥𝑝 , which 

prescribes the fraction of lost biomass converted to POC at each timestep. Using values representative for global seagrass 

systems (𝑓𝑒𝑥𝑝,𝐴𝐺 = 40% and 𝑓𝑒𝑥𝑝,𝐵𝐺 = 3%) (Duarte and Krause-Jensen, 2017; Zou et al., 2021), the model estimates that 

26.1 ± 3.9 % of carbon that is taken up by seagrass growth is converted to POC. A fraction of this, 3.0 ± 0.6 % of the total 280 
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seagrass-originated carbon, is stored in the seagrass sediments. This corresponds to an average carbon burial rate of 1.3 ±

0.4 𝑔𝐶 𝑚−2 𝑦𝑟−1 inside the seagrass meadows as POC. Approximately a third of the seagrass originating POC is deposited in 

the basin outside of seagrass meadows. 10.3 ± 3.1 % of the carbon taken up by the seagrass ends up in the sediment in the 

basin outside the seagrass meadows, with a spatial average carbon burial rate of 0.2 ± 0.04 𝑔𝐶 𝑚−2 𝑦𝑟−1. The remaining 

12.8 ± 5.1 % 12.8 ± 5 seagrass-produced POC is either still suspended in the water column or transported out of the basin.  285 

The majority of the below ground biomass (100% − 𝑓𝑒𝑥𝑝,𝐵𝐺)  remains buried, indicating that 20.9 ± 2.1 % of the carbon taken 

up during growth is stored in the sediment beneath the meadows, corresponding to a sequestration rate of 8.5 ±

1.4 𝑔𝐶 𝑚−2 𝑦𝑟−2 . Adding up the burial of seagrass POC and below ground biomass inside the meadows leads to a 

sequestration rate of seagrass-originated carbon of 9.8 ±  1.6 𝑔𝐶 𝑚−2 𝑦𝑟−1, which amounts to 23.9 ± 2.2 % of the annual 

carbon uptake by seagrass in the bay. The sequestration rate increases slightly to 10.1 ± 1.5 𝑔𝐶 𝑚−2𝑦𝑟−1 when the 290 

allochthonous POC from the open boundary is included in the calculation. 

The fate of the remaining 25.1 ± 6.38 % of seagrass biomass is not considered in detail in this study. It can be attributed to 

grazing by migratory birds, and chemical processes such as remineralization.  

 

 295 

Figure 7: Conceptual figure of the carbon pathways of seagrass biomass in the basin. All values are annual values, averaged over the 

simulation period from 2010-2014. Values marked with * are dependent on the choice of 𝒇𝒆𝒙𝒑 for the conversion on lost biomass to POC. 

The percentages are relative to the total carbon taken up by the seagrass plants (above and below ground) during the growth season.  

5.2 Carbon Sequestration in the Wadden Sea 

The sequestration rate of 10.1 ± 1.5 𝑔𝐶 𝑚−2 𝑦𝑟−1 inside seagrass meadows obtained in this study is lower than estimates of 300 

other studies for the seagrass in the German Wadden Sea, which estimated sequestration rates of 24 𝑔𝐶 𝑚−2 𝑦𝑟−1 (Mengis et 

al., 2022) and 44.45 𝑔𝐶 𝑚−2 𝑦𝑟−1 (Oppelt et al., 2024). There are however several limitations for a direct comparison. Both 
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existing studies are based on data from other regions and seagrass species for their initial estimates, and sequestration rates are 

known to vary substantially among species, regions, and even among meadows located within the same area (Dahl et al., 2016; 

Prentice et al., 2020; Röhr et al., 2018; Schaefer et al., 2025). The unique hydrodynamic and morphodynamic conditions in 305 

the Wadden Sea, including constant and rapid morphological changes, and strong hydrodynamics by the tidal currents, also 

affect the carbon sequestration, which further limits the direct transfer of values from other regions. 

Measurements of carbon content in and near seagrass meadows in the German Wadden Sea indicate slightly elevated carbon 

content in most meadows compared to nearby tidal flats, although the overall difference between seagrass and tidal flats were 

only marginally significant (Hommes, 2023; Schildt, 2025). Within meadows of comparable growth and sediment conditions, 310 

organic matter content correlates positively with seagrass biomass (Hommes, 2023). However, the variations were also 

correlated with changes in sediment dry bulk density (Schildt, 2025), which is one of the most important factors explaining 

variability in carbon content (Dahl et al., 2016; Röhr et al., 2016; Serrano et al., 2016). Therefore, it is not possible to distinguish 

whether the correlation is a result of seagrass presence, or if the regions where seagrass grows generally feature low 

hydrodynamics which lead to the deposition of fine-grained sediment and accordingly also carbon. The general observation 315 

that the presence of seagrass can be linked to higher carbon burial and therefor also higher carbon content is however also 

reproduced by our model, indicating that seagrass plays a role in string carbon in the sediment, provided that the cover is 

persistent for many years. 

Based on the sequestration rate derived in this study, seagrass meadows have a low sequestration rate especially compared to 

salt marshes, which are the major vegetated ecosystems in the Wadden Sea. Reported sequestration rates in salt marshes are 320 

substantially higher (108 − 149 𝑔𝐶 𝑚−2 𝑦𝑟−1) (Mueller et al., 2019; Oppelt et al., 2024). The modelled input of seagrass 

biomass of 3.7 ± 1.4 𝑔𝐶 𝑚−2 𝑦𝑟−1 to the saltmarshes is only a fraction of their total sequestration rate. However, these values 

are spatial averages over the whole marsh area. Local contributions are likely higher at the edge of the marshes, where seagrass 

leaf material accumulates. Also, part of the seagrass leaves deposited on adjacent tidal flats in the model might also be 

transported into the salt marshes by wind, further increasing the contribution of seagrass biomass to the carbon burial in salt 325 

marsh sediments. 

5.3 Carbon Sequestration in Seagrass Meadows worldwide 

The range of sequestration rates in seagrass meadows worldwide found in literature is large, with some meadows acting as net 

carbon sinks and others as net sources (Alongi, 2018). However, most studies agree that seagrass is a net sink for carbon, either 

in their sediments or by transferring seagrass-bound carbon to other ecosystems (Alongi, 2018; Duarte et al., 2005; Kennedy 330 

et al., 2010; Mazarrasa et al., 2015). The mean carbon sequestration rates in global seagrass reported in literature also vary 

considerably, from 20 𝑔𝐶 𝑚−2 𝑦𝑟−1  (Arias Ortiz, 2019) to more than 200 𝑔𝐶 𝑚−2 𝑦𝑟−1 (Alongi, 2018). The consensus is 

however, that there are large variations in carbon sequestration capacity by seagrass among regions, seasons and species 

(Alongi, 2018; Duarte et al., 2005; Kennedy et al., 2010; Mazarrasa et al., 2015) and that previous global calculations were 

overestimated (Lavery et al., 2013). Moreover, the variability in sequestration rate is also high for the same seagrass species 335 
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in different regions (do Amaral Camara Lima et al., 2023; Greiner et al., 2016; Postlethwaite et al., 2018; Prentice et al., 2020) 

and even on local scales within a single meadow due to local environmental conditions or spatial and temporal continuity of 

the seagrass cover(do Amaral Camara Lima et al., 2023; Prentice et al., 2020; Schaefer et al., 2025).  

The sequestration rates derived from our study are lower than the global average for seagrasses. This is in line with 

measurements in Z. noltii meadows in Portugal ranging from 15 − 122 𝑔𝐶 𝑚−2 𝑦𝑟−1  (Martins et al., 2022), where 340 

sequestration rates were reported to be negatively correlated to current velocities. In the highly dynamic environment of the 

Wadden Sea, we therefore expect values at the lower end of the range, as shown by the model results in our study.  

5.4 Limitations and future research needs 

The sequestration rates calculated in this study are subject to several uncertainties related to both input data and model 

assumptions. A key source of uncertainty arises from limited empirical knowledge about seagrass detritus export from the 345 

meadows and the conversion of biomass to POC. Available values originate mainly from subtidal seagrass (Duarte and Krause-

Jensen, 2017) but not from intertidal seagrass meadows due to lack of observation. This introduces uncertainties in our model 

and points out a need for field observations targeting export rates, decomposition, and remineralization processes in intertidal 

seagrass meadows.  

Another important limitation is the partial inclusion of allochthonous and autochthonous non-seagrass organic carbon. Organic 350 

carbon generated within the basin, such as phytoplankton, microalgal detritus, or resuspended particulate organic matter, is 

not included in the model due to computational constraints. These constituents can contribute significantly to the total organic 

carbon stock in seagrass meadows, and in many cases makes up more than 50% of organic carbon found in seagrass soils 

(Oreska et al., 2018; Röhr et al., 2018; Ward et al., 2025), and similar observations were made in Wadden Sea meadows 

(Schildt, 2025). Therefore, the carbon sequestration rates in this study are likely underestimating the amount of carbon 355 

sequestered in seagrass meadows. Although the meadows accumulate fine particulate matter during growing season, strong 

winter hydrodynamic conditions combined with seasonal leaf shedding typically lead to re-erosion of this material. As a result, 

much of the accumulated allochthonous POC is remobilized, limiting its long-term sequestration. Nonetheless, including 

additional non-seagrass organic carbon sources through tracer-based processes would improve the estimates of total 

sequestration rates. 360 

Recent studies analysed the total alkalinity (TA) and dissolved inorganic carbon (DIC) fluxes inside seagrass meadows. They 

found that seagrass meadows are a source of TA, while the DIC fluxes feature a diurnal cycle (Van Dam et al., 2019; Liu et 

al., 2024; Miller and Kelley, 2021; Scott-Askin et al., 2025). The fluxes ameliorate ocean acidification during the day, but not 

during the night, and lead to a net increase of carbon drawdown inside the meadows (Scott-Askin et al., 2025). The TA and 

DIC fluxes can therefore contribute significantly to the carbon cycle inside seagrass meadows and should be included for an 365 

overall assessment of the blue-carbon potential of seagrass meadows. 

Another limitation of our model is that seagrass growth is only influenced by physical forcing and the effect of nutrients or 

competing organisms such as macro algae is not considered. Since the seagrass meadows in the Sylt-Rømø Bay have reached 
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their largest extent in the recent decade and the population in the core areas appears stable, it can be assumed that the influence 

of non-physical factors is minor in this region and can reasonably be excluded from this study. 370 

Since the influence of the seagrass on the currents and sediment transport plays a major role in the calculation of the burial 

rate of POC, uncertainties in the model results regarding bio-physical interactions between seagrass and hydro-

morphodynamics also affect the overall assessment. For example, bending of the leaves is not considered in the model. In the 

intertidal zone, seagrass leaves most often lie flat on the seabed, and the currents skim over the canopy during low tides. Such 

bending of seagrass can have effects on the water flow in and above the canopy, and consequently on the self-shading by the 375 

plants and their ability to stabilize the sediment (Fonseca et al., 1982). A first-order approach using rigid cylinders was used 

to represent the effect of seagrass leaves on water flow (Zhang et al., 2020), and the uncertainty related to bending effect is not 

assessed in our study. 

Further, wind-generated waves can have a considerable effect on seagrass and sediment on the coast, especially during storm 

events (Lettmann et al., 2009). Strong waves can lead to uprooting of seagrass plants, as well as affect the morphological 380 

processes and therefore also the sequestration of carbon in the sediments. However, under typical (non-storm) conditions, 

wind-wave-induced sediment erosion accounts only for a small portion of the overall erosion (Lettmann et al., 2009). 

Nevertheless, neglecting the influence of wind-waves might lead to an overestimation of carbon sequestration inside seagrass 

meadows and on the tidal flat in general. 

6 Conclusions 385 

Overall, our model results indicate that seagrass meadows in the Wadden Sea exhibit comparatively low carbon sequestration 

rates relative to both global averages and other ecosystems in the Wadden Sea. According to our estimations, carbon uptake 

by the seagrass meadows is approximately 895 ± 456 𝑡𝐶 𝑦𝑟−1 for the entire bay, corresponding to 40.8 ± 7.7 𝑔𝐶 𝑚−2 𝑦𝑟−1 

inside meadows. The modelled sequestration rate per area of meadows is 10.1 ± 1.5 𝑔𝐶 𝑚−2 𝑦𝑟−1, which is significantly 

lower than previous estimates for the region.  390 

The majority of seagrass-originating carbon sequestered into the seagrass sediments originates from the below-ground 

biomass. Approximately 20.9 ± 2.1 %  of the total annual carbon uptake remains buried in the sediments in this way, 

contributing to the long-term sequestration. In addition, POC formed by decay and mechanical forces from the above- and 

below ground biomass contributes to the seagrass-originating carbon in the seagrass sediments. Approximately 1.3 ± 0.6 % 

of the total annual carbon uptake is retained in the sediments as POC. The long-term sequestration rates depend strongly on 395 

the continuity of the seagrass cover, with highest rate in areas persistently covered by seagrass.  

Approximately 28 % of the above-ground biomass is torn off by wind and currents annually and thereupon redistributed inside 

the basin in the form of large debris. Most of the debris stays inside the bay and is deposited on the shore or on the tidal flats. 

Roughly 5.8 ± 1.4 % of the total seagrass-generated carbon is delivered to salt marshes, equating to 3.7 ± 2.4 𝑔𝐶 𝑚−2 𝑦𝑟−1 

https://doi.org/10.5194/egusphere-2026-616
Preprint. Discussion started: 11 February 2026
c© Author(s) 2026. CC BY 4.0 License.



17 

 

averaged over the marsh areas. This transfer underscores the importance of cross-habitat carbon exchange, with adjacent 400 

ecosystems playing an important role for the overall carbon storage in the system.  

In summary, seagrass meadows in the Wadden Sea contribute to carbon uptake, though their contribution is minor, especially 

compared to salt marshes. Nevertheless, more quantitative studies on the sequestration rate of carbon and its spatial heterology 

inside seagrass meadows and also on the longer-term fate of seagrass biomass are necessary to better understand the carbon 

cycle of the system.  405 

Appendix A - Description of the seagrass model 

The seagrass model uses three state variables, namely the single shoot biomass 𝐵𝑆 [𝑔𝐶]  , below ground biomass 𝐵𝑅  [𝑔𝐶 𝑚
−2], 

and shoot density 𝑁 [𝑠ℎ𝑜𝑜𝑡𝑠 𝑝𝑒𝑟 𝑚2]. Additionally, two auxiliary state variables are used, the total above ground biomass 

𝐵𝐴𝐺 = 𝐵𝑆 ∗ 𝑁 [𝑔𝐶 𝑚
−2]  and the canopy height ℎ𝑐𝑎𝑛 = 𝐵𝑆 ∗ 𝑎𝑐ℎ  [𝑚], where 𝑎𝑐ℎ is a conversion factor from the biomass to 

the canopy height.  410 

The changes to the single shoot biomass are represented as: 

𝒅𝑩𝑺
𝒅𝒕

= (𝑮𝒓𝒐𝒘𝑺 ⋅ 𝒇𝒊𝒍(𝑰, 𝑻) ⋅ 𝒇𝒕𝒑𝒉𝒐𝒕(𝑻) ⋅ 𝒇𝑺𝒍𝒊𝒎(𝑩𝒔)) − (𝑳𝒐𝒔𝒔𝑺 ⋅ 𝒇𝒕𝒍𝒐𝒔𝒔(𝑻) ⋅ 𝒇𝒅𝒓𝒚(𝒕𝒅𝒓𝒚) ⋅ 𝒇𝒂𝒈𝒆(𝒅)) , (A1) 

 

where 𝐺𝑟𝑜𝑤𝑆 is the maximum growth rate for a single shoot, which is limited by light availability 𝐼, temperature 𝑇, and the 

biomass itself. Additionally, a fraction 𝑘𝑟𝑠 of photosynthetic growth is routed to the roots. 𝐿𝑜𝑠𝑠𝑆 is the single shoot mortality 415 

rate, which is influenced by temperature, inundation time 𝑡𝑑𝑟𝑦 and the phase of the growth cycle, represented as a function of 

the day of the year 𝑑. The limitation by light availability is calculated as 

𝒇𝒊𝒍 =

{
 

 
𝟎, 𝒊𝒇 𝑰 ≤ 𝑰𝒄

𝑰 − 𝑰𝒄
𝑰𝒌 − 𝑰𝒄

, 𝒊𝒇 𝑰𝒄 < 𝑰 < 𝑰𝒌

𝟏, 𝒊𝒇 𝑰𝒌 ≤ 𝑰

, 𝑰𝒄 = 𝑰𝒄𝟐𝟎𝜽𝑰𝒄
    (𝑻−𝟐𝟎)

, 𝑰𝒌 = 𝑰𝒌𝟐𝟎𝜽𝑰𝒌
   (𝑻−𝟐𝟎)

 (A2) 

where 𝐼 is the radiation at the top of the canopy, 𝐼𝑐 is the compensation irradiance, 𝐼𝑘 the saturation irradiance, 𝐼𝑐20 and 𝐼𝑘20 

the compensation and saturation irradiance at 20°C, respectively, 𝜃𝐼𝑐  and 𝜃𝐼𝑘  the temperature coefficients, and 𝑇  the 420 

temperature.  

The temperature dependency of photosynthetic growth is described as a bell-shaped function (Voinov and Akhremenkov, 

1990) 

𝒇𝒕𝒑𝒉𝒐𝒕 = {
𝒌𝟎
   ((𝑻𝒐𝒑𝒕−𝑻) 𝑻𝒐𝒑𝒕⁄ )

𝒔𝒕

,                        𝒊𝒇 𝑻 ≤ 𝑻𝒐𝒑𝒕

𝒌𝒎
   ((𝑻−𝑻𝒐𝒑𝒕) (𝑻𝒎𝒂𝒙−𝑻𝒐𝒑𝒕)⁄ )

𝒔𝒕

, 𝒊𝒇 𝑻 > 𝑻𝒐𝒑𝒕

(A3) 

where 𝑇𝑜𝑝𝑡 is the optimal temperature, 𝑇𝑚𝑎𝑥  is the maximum temperature, 𝑘0 and 𝑘𝑚 are the function values at 𝑇 = 0 and 𝑇 =425 

𝑇𝑚𝑎𝑥 , and 𝑠𝑡 is the controlled shape of the function. 
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Additionally, the single shoot biomass is limited by the maximum leaf length 

𝒇𝑺𝒍𝒊𝒎 = {
𝟏 − (𝑩𝒔 𝝈𝑺⁄ )𝟐, 𝒊𝒇 𝑺 ≤ 𝝈𝑺
𝟎,                              𝒊𝒇 𝑺 > 𝝈𝑺 

 , (A4) 

where 𝜎𝑆 is the corresponding single shoot biomass for the maximum leaf length that a single shoot can reach. 

Loss of seagrass biomass is caused by mortality and respiration, enhanced by desiccation, bird grazing, sloughing by wind and 430 

aging (Azevedo et al., 2017; Suykerbuyk et al., 2018). The mortality rate of intertidal seagrass increases with temperature 

(Massa et al., 2009), which is represented in the limiting function by temperature 

𝒇𝒕𝒍𝒐𝒔𝒔 = 𝜽𝒍𝒐𝒔𝒔
        (𝑻−𝟐𝟎)

 , (A5) 

where 𝜃𝑙𝑜𝑠𝑠 is the temperature coefficient. 

The function for increased mortality due to desiccation is based on the mortality function by Voinov and Akhremenkov (1990) 435 

𝒇𝒅𝒓𝒚 = {

𝟏 + 𝜶(𝒕𝒅𝒓𝒚,𝒎𝒊𝒏 − 𝒕𝒅𝒓𝒚)
𝟐
, 𝒊𝒇 𝒕𝒅𝒓𝒚 < 𝒕𝒅𝒓𝒚,𝒎𝒊𝒏

𝟏,                            𝒊𝒇 𝒕𝒅𝒓𝒚,𝒎𝒊𝒏 ≤ 𝒕𝒅𝒓𝒚 ≤ 𝒕𝒅𝒓𝒚,𝒎𝒂𝒙

𝟏 + 𝜷(𝒕𝒅𝒓𝒚 − 𝒕𝒅𝒓𝒚,𝒎𝒂𝒙), 𝒊𝒇 𝒕𝒅𝒓𝒚 > 𝒕𝒅𝒓𝒚,𝒎𝒂𝒙

(A6) 

where 𝑡𝑑𝑟𝑦 is the mean inundation period per tidal cycle, 𝑡𝑑𝑟𝑦,𝑚𝑖𝑛 the lower limit for seagrass growth and 𝑡𝑑𝑟𝑦,𝑚𝑎𝑥  the upper 

limit for seagrass growth. 𝛼 and 𝛽 are rate coefficients for the shape of the function. 

Wind sloughing increases the mortality. The function is based on Plus et al. (2003) 

𝒇𝒘𝒊𝒏𝒅 = 𝟏 + (𝒓𝒍𝒎𝒘 ⋅ 𝒗𝒘𝒊𝒏𝒅), (A7)  440 

where 𝑟𝑙𝑚𝑤 is the leaf mortality coefficient due to wind and 𝑣𝑤𝑖𝑛𝑑 is the depth integrated wind impact.  

 Since the growth and decline of seagrass in the Wadden Sea follow an annual cycle, a general estimation of the age of above-

ground seagrass  can be made based on the season. At the beginning of the growth season, the mortality is low and then 

continuously increases towards autumn, before it drops again toward the beginning of the growth season. This is represented 

in the limiting function  445 

𝒇𝒂𝒈𝒆 = 𝟎. 𝟓 ⋅ 𝒕𝒂𝒏𝒉(
((𝒅 − 𝒅𝒈𝒓𝒐𝒘)%𝟑𝟔𝟔) − (𝒅𝒍𝒐𝒔𝒔 − 𝒅𝒈𝒓𝒐𝒘)

𝒓𝒅𝒍𝒐𝒔𝒔
) + 𝟎. 𝟓, (A8) 

where 𝑑 is the day of the year, 𝑑𝑔𝑟𝑜𝑤 is related to the start of the growth season, 𝑑𝑙𝑜𝑠𝑠 is related to the beginning of the major 

seagrass loss.  Both 𝑑𝑔𝑟𝑜𝑤 and 𝑑𝑙𝑜𝑠𝑠 are specified as day of the year. 𝑟𝑑𝑙𝑜𝑠𝑠  is a rate related to the steepness of the function.  

The changes to the number of shoots per m² are calculated as 

𝒅𝑵

𝒅𝒕
=  (𝑮𝒓𝒐𝒘𝑵 ⋅ 𝒇𝒊𝒍(𝑻, 𝑰) ⋅ 𝒇𝒕𝒑𝒓𝒐𝒅(𝑻) ⋅ 𝒇𝑨𝑮𝒍𝒊𝒎(𝑩𝑨𝑮) ⋅ 𝒇𝑹𝒍𝒊𝒎(𝑩𝑹)) − (𝑳𝒐𝒔𝒔𝑵 ⋅ 𝒇𝒕𝒅𝒓𝒚(𝒕𝒅𝒓𝒚) ⋅ 𝒇𝒂𝒈𝒆(𝒅) ⋅ 𝒇𝒘𝒊𝒏𝒅(𝒘)) , (A9) 450 

where 𝐺𝑟𝑜𝑤𝑁 is the shoot recruitment rate and 𝐿𝑜𝑠𝑠𝑁 the shoot loss rate. It is assumed that the growth of shoots depends on 

the growth conditions of the above ground biomass (Zharova et al., 2001), therefore 𝑓𝑡𝑝𝑟𝑜𝑑 has the same shape as 𝑓𝑡𝑝ℎ𝑜𝑡. 

In addition, the appearance of new shoots is space limited by the above ground biomass and growth limited by the available 

root biomass 
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𝒇𝑨𝑮𝒍𝒊𝒎 = {
𝟏 − (𝑩𝑨𝑮 𝝈𝑨𝑮⁄ )𝟐, 𝒊𝒇 𝑩𝑨𝑮 ≤ 𝝈𝑨𝑮
𝟎,                                      𝒊𝒇 𝑩𝑨𝑮 > 𝝈𝑨𝑮

(A10) 455 

where 𝜎𝐴𝐺  is the above ground biomass above which no new shoots are produced and 

𝒇𝑹𝒍𝒊𝒎 =
𝑩𝑹

𝑩𝑹 + 𝝐
 , (A11) 

where 𝜖 is the half-saturated constant for above ground biomass. 

Changes to the root biomass are calculated as the sum of three different parts: the growth of the roots, which is rerouted from 

the leaf growth, the loss due to mortality and the loss of biomass due to uprooting. The resulting change of the root biomass is 460 

calculated by 

𝑩𝑹
𝒅𝒕

= 𝒌𝒓𝒔 ⋅ 𝑮𝒓𝒐𝒘𝒔 ⋅ 𝒇𝒊𝒍(𝑰) ⋅ 𝒇𝒕𝒑𝒉𝒐𝒕(𝑻) ⋅ 𝑩𝑨𝑮 − 𝑳𝒐𝒔𝒔𝑹 ⋅ 𝑩𝑹 − 𝑳𝒐𝒔𝒔𝑵 ⋅ 𝒇𝒂𝒈𝒆(𝒅) ⋅ 𝒇𝒕𝒅𝒓𝒚(𝒕𝒅𝒓𝒚)  ⋅ 𝑩𝒖𝒑𝒓 ⋅ 𝑵, (A12) 

where 𝑘𝑟𝑠  is the fraction of above ground growth rerouted to the roots, and 𝐵𝑢𝑝𝑟  the below ground biomass lost due to 

uprooting of a single shoot. 

A sensitivity analysis was carried out to test how different parameters impact the seagrass growth. As no definitive values were 465 

available from literature for the different parameters affecting the growth of the Z. noltii, the values used as a base for tuning 

are based on values either reported for Z. noltii from different regions, mainly from the Mediterranean and southern France 

(Kombiadou et al., 2014; Laugier et al., 1999; Peralta et al., 2000, 2002; Plus et al., 2003) or values reported for Z. marina 

(ABE et al., 2003; Bach, 1993; Dennison and Alberte, 1982; Olesen and Sand-Jensen, 1993; Rasmussen, 1973; Verhagen and 

Nienhuis, 1983). An overview of the parameters used for tuning can be found in Table A1. 470 

Table A1: List of parameters used in the model and the ranges used during the sensitivity tests. Whenever possible, values for Z. Noltii were 

used as reference. In cases where no values for Z. Noltii were available, or only available for different regions, values for Z. Marina were 

also included. The values for Z. Marina are marked with *. Since no values are available for the maximum above ground biomass above 

which no new shoots are produced, the values referenced are the maximum above ground biomass observed. These values are marked with 

**.  475 

Parameter Long name Range Sources Param test scope Value used in 

study 

Unit 

𝐼𝑘20  saturation irradiance ~20-200  

~22 * 

~ 88 * 

~70  

Kohlemeier (2016) 

Dennison & Alberte (1982) 

Abe et al. (2003) 

Peralta (2002) 

20 - 200 120 W/m² 

𝐼𝑐20  Compensation 

irradiance 

~2 * 

~2.5 (20°C) * 

~4 (15°C)- 10 (21°C) * 

~1.2 

~4.6 

Dennison & Alberte (1982) 

Abe et al. (2003) 

Olesen & Sand-Jensen (1993) 

Peralta (2000) 

Peralta (2002) 

1 – 15  9 W/m² 

𝑇𝑜𝑝𝑡,𝑝ℎ  Optimal temperature 

for photosynthetic 

growth 

23 * 

10-15 * 

25-30 * 

25 * 

Zharova (2003) 

Rasmussen (1973) 

Marsh et al (1986) 

Zimmerman et al. (1989) 

10 – 25 16 °C 
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25 * Pérez-Llorénz (1993) 

𝑇𝑚𝑎𝑥,𝑝ℎ   Maximum temperature 

for photosynthetic 

growth 

37  

20 * 

30 * 

Massa et al. (2009) 

Rasmussen (1973) 

Marsh et al (1986) 

20 – 32  29 °C 

𝐺𝑟𝑜𝑤𝑆  Maximum relative leaf 

growth rate  

0.095 * 

0.008 * 

0.043 * 

0.034  

0.06  

Bach (1993) 

Verhagen (1983) 

Zharova (2001) 

Plus (2003) 

Vermaat et al (1987) 

0.01 - 0.09 0.016 - 

𝐿𝑜𝑠𝑠𝑆  Maximum relative 

Leaf mortality 

0.05  Vermaat et al (1987) 0.01 - 0.09 0.009 - 

𝜎𝑆  Maximum single leaf 

biomass [gC/leaf] 

0.0083 

0.036  

0.00047 * 

Plus (2001) a_ch = 33, Mediterranean 

Laugier (1999) a_ch = 6, Mediterranean 

Vermaat (1996) a_ch = -, Netherlands 

0.005 - 0.02 0.0125 gC/leaf 

𝐺𝑟𝑜𝑤𝑁   Maximum relative 

recruitment rate 

0.05 Laugier (1999) 0.01- 0.09 0.04 - 

𝑇𝑜𝑝𝑡,𝑝𝑟   Optimal temperature 

for recruitment 

10-15 * Rasmussen (1973) 10 – 25 °C 18 °C 

𝑇𝑚𝑎𝑥,𝑝𝑟   Maximum temperature 

for recruitment 

20 * Rasmussen (1973) 20 – 32 °C 20 °C 

𝜎𝐴𝐺   Above ground biomass 

above which no new 

shoots are produced 

50 * 

 

82 ** 

30 ** 

15 ** 

25 ** 

49 ** 

73 ** 

Zharova et al. (2001), based on Verhagen and 

Nienhuis (1982) 

Laugier (1999), Mediterranean 

Philippart (1995), Netherlands 

Vermaat (1987), Netherlands 

Vermaat (1996), Netherlands 

Plus (2001), Mediterranean 

Peréz-Llorénz (1993), Spain 

15 – 90  45 gC/m² 

𝐿𝑜𝑠𝑠𝑁   Shoot loss rate 0.042 Laugier (1999) 0.01 - 0.09 0.01 - 

𝑑𝑙𝑜𝑠𝑠   Day of year at which 

aging of leaves 

increases shoot loss 

rate 

   Esitmations from this study 240 - 300 260 Day of year 

𝑑𝑔𝑟𝑜𝑤  Day of year at which 

recruitment starts 

   Estimations from this study 60 – 160 100 Day of year 

𝑘𝑟𝑠  Fraction of growth that 

is allocated to below 

ground growth 

0.21 * 

0.19 * 

0.3 * 

0.17 * 

0.4 

Zharova et al. (2001) 

Verhagen and Nienhuis (1983) 

Bach (1993) 

McRoy (1974) 

Plus et al. (2003) 

0.1 - 0.5 0.4 - 
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𝑅𝑢𝑝𝑟  Below ground biomass 

of plant lost due to 

uprooting 

0.002 Zharova et al. (2001), based on Verhagen and 

Nienhuis (1982)  

0.0005 - 0.0035 0.001 gC 

𝐿𝑜𝑠𝑠𝑅  Loss rate of below 

ground biomass 

0.009 Zharova et al. (2001), based on Verhagen and 

Nienhuis (1982) 

0.005 - 0.02 0.005 - 

  

In the sensitivity analysis, only one of the parameters was varied in each simulation within the parameter scope described in 

Table A1, while the other parameters were kept constant. Figure A1 shows how the key variables, including the mean canopy 

height, shoot density, root biomass and the mean depth distribution of the seagrass biomass, respond to variation of the 

parameters.  480 

Among the four key variables, the mean canopy height is the most sensitive to changes in the parameters. The growth and loss 

rate of the single leaf biomass has the biggest impact on the seagrass canopy height. A high growth rate leads to a higher 

canopy, and a higher loss rate leads to a lower canopy height. Other parameters that have a significant impact on the canopy 

height are the day of the year on which the growth of new shoots starts, the fraction of growth that is allocated to below ground 

growth, the optimal and maximum temperature for photosynthetic growth, the saturation irradiance and the day at which the 485 

loss of shoots starts. 

The number of shoots is mostly influenced by changes to the loss rate of shoots. A low loss rate leads to a high number of 

shoots and vice versa. The number of shoots is also influenced by the shoot growth rate and the day at which the shoots start 

to grow.  

The mean root biomass is influenced mostly by the root biomass loss rate and the shoot loss rate. A low loss rate leads to a 490 

higher root biomass and vice versa. The root biomass is also influenced by the shoot growth rate, and the growth rate of single 

shoot.  

The depth distribution of the seagrass is influenced most by the day at which the growth of shoots starts, the loss rate of a 

single shoot, the saturation irradiance, the optimal temperature for photosynthetic growth, the growth rates of a single shoot, 

and the fraction of growth that is allocated to below ground growth.  495 
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Figure A1: Impact of different parameter settings on seagrass growth, shown as the changes to mean (a) canopy height, (b) number of 

shoots, (c) root biomass, and (d) mean depth of the distribution. Each parameter was changed over its scope while the other parameters were 

kept constant. For comparison purposes, the parameter values are marked high to low instead of the actual values.  

Appendix B – Sensitivity of the burial rate of POC to the choice of the conversion factor 𝒇𝒆𝒙𝒑,𝑨𝑮 500 

 

Figure B1: Change of burial rate for tidal flats without seagrass cover and for several seagrass meadows, when the fraction of seagrass 

biomass loss that is converted to POC 𝒇𝒆𝒙𝒑,𝑨𝑮 is reduced by 90% from 𝒇𝒆𝒙𝒑,𝑨𝑮 = 𝟒𝟎% to 𝒇𝒆𝒙𝒑,𝑨𝑮 = 𝟒%. The red line indicates the reduction 

in 𝒇𝒆𝒙𝒑,𝑨𝑮.  
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Appendix C - Validation of the hydro-mordynamic model 505 

The performance of the hydro-morphodynamic model was evaluated through comparison of simulated and observed 

hydrodynamic and morphological variables (Mohr et al., 2025). Water levels and temperature were compared against available 

measurements at the tide gauges located inside the model domain, namely List Harbour (LIS) (Wasserstraßen- und 

Schifffahrtsamt Elbe-Norsee (WSA) am Standort Tönning), Havneby Harbour (HAV) and Vidaslusen (VIS) (Danmarks 

Meteorologiske Institut, 2024). The bathymetric changes were compared against the morphological changes in the easyGSH-510 

DB digital terrain model (Sievers et al., 2020), averaged over 2010-2015 to mitigate effects of the spatially uneven 

measurement frequency.  

The simulated water levels reproduced the observed dynamics, including the spring-neap tide tidal cycle and extreme high- 

and low-water events (Fig. C1a-b). The simulation slightly overestimates the tidal amplitudes. 

The simulated water temperature is also consistent with observations (Fig. C1c), capturing the overall seasonality of 515 

temperature change, as well as short term variations. The simulation has a consistently 2°C lower temperature compared to the 

observations, which was considered during the tuning of the seagrass model. 

 

Figure C1: Comparison of observed and simulated water level and temperature: (a) the plot of correlation and RMSE includes the different 

stations for each year, using hourly data. The time series on the right show (b) the observed and simulated water level at List gauge station 520 
for 2010 and their difference and (c) the observed and simulated water temperature at Havneby Havn gauge station for 2010 and their 

difference, as an example for all simulated years. From Mohr et al. (2025). 

Assessing the performance of the morphological model is complicated by artifacts and inconsistencies in the observational 

dataset, particularly in the intertidal zone where bathymetric measurements are difficult to obtain. It was further complicated 
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by the asynchrony of surveys in the German and Danish part of the Sylt-Rømø Bay. Despite the noise in the resulting datasets, 525 

large scale morphological patterns are visible in the observations and are overall reproduced by the simulation (Figure C2). 

This applies to the channel migration detected in the observations: The two southern channels migrate to the north-east and 

the northern channel migrates to the southeast, which is reproduced by the simulation, though with differences in magnitude 

and spatial detail in the erosion and deposition patterns. Both simulation and observation show slight overall accumulation of 

sediments averaged over the tidal flats. Overall, the simulation captures the patterns of erosion and deposition in the bay, 530 

however with smoother spatial patterns due to limitations by the model grid resolution.    

 

Figure C2: Depth changes in the Sylt-Rømø Bay for (a) observations and (b) simulation (SG-VO). Positive values show a decrease in depth, 

negative values an increase. The depth contours are at 0 m, -5 m and -10 m. The dashed lines show the location of transects across the inlet 

and the basin. The depth changes along two transects is shown in (c). The transects start at their southern end where the numbers are written. 535 
The values for both observed and simulated depth changes are the mean depth changes for the years 2010-2015. From Mohr et al. (2025). 

Code Availability 

This study used SCHISM v5.13 for the numerical simulations, which is available on GitHub (https://github.com/schism-

dev/schism).  
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The code for the intertidal seagrass model SGINT is available at Mohr (2026b). The input parameter files for running the 540 

model, as well as the python codes, jupyter notebooks and auxiliary data used for analysing the  model results can be found 

at Mohr (2026a). 
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