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Marsh morphodynamics models are usually calibrated using sparse short-term measurements. 7 

Hence, their ability to predict long-term trajectories (centuries to millennia) is highly uncertain. Here we 8 

improved an existing model for marsh ecomorphodynamics and we used it to hindcast the whole 9 

morphodynamic trajectory (2500 years) of an actual salt marsh in New England (USA). The model 10 

includes enough processes – among which tidal currents and waves, sand and mud transport, and 11 

vegetation population dynamics – to simulate a realistic marsh analogue that closely matches the modern 12 

topobathymetry and stratigraphy. Marsh trajectory is highly sensitive to initial bathymetry, mud supply 13 

from the nearshore, wave erosion processes, and vegetation dynamics. Each one of these factors is 14 

important yet difficult to calibrate on its own. Matching the long-term evolution with the stratigraphic 15 

record provides a global constraint for the processes and parameters in the model, increasing the 16 

confidence in future long-term predictions. This type of comparison complements those made at short 17 

times scales, and it should be used more routinely. 18 

 19 

 20 

  21 
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1. Introduction 22 

Coastal marshes started to form 3 to 5 thousand years ago (Braswell et al., 2020) when sea level 23 

rise slowed down from ~20 mm/yr to about 1 mm/yr. How exactly this process took place, however, is 24 

not well constrained. Indeed, the stratigraphic record provides only sparse information (Braswell et al., 25 

2020; Kirwan and Murray, 2012), and qualitative models are used to reconstruct the marsh trajectory 26 

(Redfield, 1972, 1965).  27 

Historical maps have been used to roughly delineate marshes from the 1500s in Europe 28 

(Schrijvershof et al., 2021) and from the 1700s in the USA (Bromberg and Bertness, 2005; Priestas et al., 29 

2012). High-resolution historical maps have been used to reconstruct marsh edge erosion since the late 30 

1800s and early 1900s (Burns et al., 2020; Elsey-Quirk et al., 2019; Valentine and Mariotti, 2019). 31 

Despite the appeal of these maps, their uncertainty and relatively short time window limit their use. Aerial 32 

and satellite imagery provide a more precise reconstruction of marsh dynamics (Gunnell et al., 2013), but 33 

they only cover a span of several decades.  34 

Accretion rates over the last century have been measured extensively. Multi-decadal accretion 35 

and shallow compaction have been measured with surface elevation tables and feldspar horizons (Cahoon 36 

et al., 2019; Doar and Luciano, 2023; Jankowski et al., 2017). Centennial accretion has been measured 37 

using cesium and lead radionuclides (Nolte et al., 2013). These data have been extensively used to 38 

determine whether the marsh accretion is keeping pace with relative sea level rise (Cahoon et al., 2019; 39 

Crosby et al., 2016; Doar and Luciano, 2023; Jankowski et al., 2017), and how accretion is related to tidal 40 

range and sediment supply (Coleman et al., 2022). Hence, these data provide a snapshot of the current 41 

marsh trajectory, but do not inform about accretion during the early marsh stages and how accretion will 42 

change with feedbacks associated with the evolving morphology (which includes not only changes in 43 

marsh elevation, but also changes in the channel network and tidal flat). Additionally, there are often 44 

large discrepancies between these short-term measurements and millennial scale assessments of marsh 45 

stability (Törnqvist et al., 2020) owing to differences in measurement types and the incompleteness of 46 
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stratigraphic measurements (Törnqvist et al., 2021). Physics based models capable of resolving relevant 47 

processes which operate over short timescales but spanning millennial scale marsh evolution could bridge 48 

this gap. 49 

Simplified models for marsh accretion have been developed and applied to real marsh sites 50 

(Alizad et al., 2022; Craft et al., 2009; Langston et al., 2020; Mariotti et al., 2020), filling the gaps 51 

between the sparse field data and providing predictions about future accretion. All of these models, 52 

however, assume static channels and tidal flats, and hence neglect the associated morphodynamic 53 

feedbacks. Marsh morphodynamic models that include these feedbacks exists, but have mostly been 54 

applied to idealized cases, ranging in size from ~1 to 100 km2. These latter models cannot directly inform 55 

the future evolution of a particular marsh, but rather provide general insights.  56 

Marsh morphodynamic models have highlighted the importance of both tidal currents and waves 57 

(Carniello et al., 2009; Colina Alonso et al., 2023; Willemsen et al., 2022). In particular, waves control 58 

the resuspension on the tidal flat (and hence the possibility for vegetation establishment), and also cause 59 

marsh edge retreat (Mariotti and Canestrelli, 2017). Morphodynamic models have highlighted the 60 

importance of both sand and mud (Boechat Albernaz et al., 2023; Carniello et al., 2012; Colina Alonso et 61 

al., 2023). Sand is generally the underlying substrate, and it is present in the bed of the larger channels as 62 

well as in bars in proximity of inlets. Mud blankets the sand substrate, and it is found predominantly on 63 

shoals distal from inlets, smaller channels, and in marsh soil (Colina Alonso et al., 2023). Except where a 64 

direct riverine input is present, mud supply from the nearshore is a crucial for filling a basin (Mariotti and 65 

Canestrelli, 2017). Morphodynamic models have also revealed the dynamics of marsh vegetation 66 

establishment and development (Gourgue et al., 2021; Willemsen et al., 2022; Xu et al., 2022). They have 67 

identified the importance of both random seeding and lateral plant expansion (Cao et al., 2021). They also 68 

pointed out that vegetation can disappear due to both high levels of inundation and high levels of 69 

hydrodynamic stress. 70 
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Despite their progress, morphodynamic models have not been able to hindcast a real marsh site, 71 

that is, recreating the past marsh condition to a degree where a direct comparison with field measurements 72 

is possible. Direct comparison with a model that includes marsh dynamics has only been performed at 73 

decadal time scale (Brückner et al., 2019; Van Der Wegen et al., 2023). Centennial time scale comparison 74 

has only been performed in large estuarine systems, such as the Schelde estuary (Netherlands) (Dam et 75 

al., 2016; van der Wegen and Roelvink, 2012) and San Pablo Bay (California, USA) (Elmilady et al., 76 

2019). These models focused mostly on the main channels and tidal flat, and did not include marsh 77 

dynamics. 78 

Here we present a marsh evolution model that includes all the relevant morphodynamic 79 

mechanisms: tidal currents and wind waves, sand and mud transport, and vegetation population dynamics 80 

(which include inundation-dependent carrying capacity, logistic growth, seeding, lateral expansion, and 81 

mortality due to hydrodynamic). We then apply the model to a realistic initial bathymetry and boundary 82 

conditions, with the goal of recreating a real site. We consider the Barnstable marsh (Massachusetts, 83 

USA), which has been the subject of some of the first and more detailed field studies (Redfield, 1972, 84 

1965). We then 1) test the ability of a model to reproduce the whole marsh trajectory by comparing it with 85 

the measured stratigraphy, 2) perform a sensitivity analysis with respect to the model parameters, 3) make 86 

centennial predictions about the future evolution of the marsh. 87 

2. Methods 88 

MarshMorpho2D is a marsh evolution model that includes a variety of processes (Mariotti, 2020; 89 

Mariotti and Finotello, 2024). Several improvements are here introduced to better reproduce 90 

hydrodynamics, sediment transport, and vegetation processes, while keeping the model numerically 91 

efficient. 92 

2.1.1 Representative tidal flow 93 



5 
 

The model calculates a tidal flow velocity field U=(Ux,Uy), representative of half a tidal cycle 94 

(i.e., either the ebb or flood phase), based on a balance between pressure gradient and bed friction, and 95 

considering a tide-averaged water depth ℎ for each cell (Mariotti, 2020, 2018). The water depth is 96 

calculated as the average between high tide, mid tide, and low tide. 97 

ℎ = [max (0, 𝑟𝑟/2 + 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗) + max (0, 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗) + max (0, −𝑟𝑟/2 + 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗)]/3  (𝐸𝐸𝐸𝐸. 1) 98 

where r is the tidal range, sla is the sea level anomaly, and z is the bed elevation with respect to a 99 

fixed datum and z* is z minus mean sea level. For numerical stability reasons, the minimum water depth 100 

is set equal to 1 cm. The continuity and momentum equations read 101 

∇ ∙ (ℎ𝑼𝑼) = 𝑆𝑆   (𝐸𝐸𝐸𝐸. 2)  102 

𝑼𝑼 =
1
𝑈𝑈𝑜𝑜

ℎ4/3

𝑛𝑛2
𝛻𝛻𝛻𝛻   (𝐸𝐸𝐸𝐸. 3)    103 

The term 𝜂𝜂 denotes the elevation of the free surface, whereas 𝑆𝑆 is the source term for the tidal 104 

prism, equal to 𝑆𝑆 = [𝑟𝑟/2 − max (−𝑟𝑟/2, min (𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗, −𝑟𝑟/2))]/(𝑇𝑇/2), where 𝑇𝑇 is the tidal period. The 105 

value of Uo is initially set equal to 1 m/s, even though any value that is spatially uniform would provide 106 

the same solution of Eqs. 2-3 (Mariotti, 2018). The Manning coefficient (n) is dependent on the presence 107 

or absence of vegetation. 108 

Eqs. 2-3 are recalculated by with an updated value of Uo, 109 

𝑈𝑈𝑜𝑜 = |𝑼𝑼| (𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖)   (𝐸𝐸𝐸𝐸. 4) 110 

If this method was iterated many times, it would converge to solving the original Manning’s 111 

equation, 112 

𝑼𝑼 =
ℎ2/3

𝑛𝑛 �𝛻𝛻𝛻𝛻    (𝐸𝐸𝐸𝐸. 5) 113 

For the sake of limiting the numerical computation, we instead iterate only one time, and average 114 

with a reference velocity Uref (set equal to 1 m/s). 115 
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𝑈𝑈𝑜𝑜 = (𝑈𝑈𝑈𝑈𝑈𝑈𝑈𝑈 + |𝑼𝑼|(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖))/2   (𝐸𝐸𝐸𝐸. 6) 116 

2.1.2 Shallow tidal flow 117 

The model calculates a reference tidal flow for the whole tidal cycle, assuming a constant (yet 118 

spatially variable) water depth. This neglects very shallow flow (Fagherazzi and Mariotti, 2012), which 119 

are important to create the fine-scale channel network on the tidal flat. We thus calculate another flow 120 

field (Us) 121 

∇ ∙ (ℎ𝑠𝑠𝑼𝑼𝒔𝒔) = 𝑆𝑆𝑠𝑠   (𝐸𝐸𝐸𝐸. 7) 

𝑼𝑼𝒔𝒔 ∝
ℎ𝑠𝑠

4/3

𝑛𝑛2
𝛻𝛻𝜂𝜂𝑠𝑠   (𝐸𝐸𝐸𝐸. 8) 

where we considered the average between the water depth at mid tide and at low tide. 122 

ℎ𝑠𝑠 = [max (0, 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗) + max (0,−𝑟𝑟/2 + 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗)]/2   (𝐸𝐸𝐸𝐸. 9) 123 

And the source term for the tidal prism 124 

𝑆𝑆𝑠𝑠 =

          
1
𝑁𝑁

𝑟𝑟
𝑇𝑇/2

𝜋𝜋            − 𝑟𝑟/2 < 𝑧𝑧∗ <   0

0                                                𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒
   (𝐸𝐸𝐸𝐸. 10) 125 

The parameter N (here set equal to 10) specifies the fraction of the tidal cycle during which the 126 

shallow flow is computed. Assuming a half tidal period of 6.2 hours, this means that the shallow tidal 127 

flow is calculated considering a period of about 40 minutes. The factor π is included to simulate a 128 

sinusoidal distribution of the tidal velocity. 129 

In order to limit the effect of this flow in large channels, where the shallow flow discharge from a 130 

large area might accumulate, the maximum discharge from the shallow flow is limited to Qsmax (here set 131 

equal to 1 m2/s), 132 

|𝑼𝑼𝒔𝒔| =
min(𝑄𝑄𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠, |𝑼𝑼𝒔𝒔|ℎ𝑠𝑠)

ℎ𝑠𝑠
   (𝐸𝐸𝐸𝐸. 11) 133 
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2.1.3 Sea waves 134 

Locally generated wind waves (sea waves) are calculated considering different tidal stages. Given 135 

a tidal range and sea level anomaly, the water level is considered at equispaced intervals (here set equal to 136 

five) from low tide to high tide. The water depth thus reads 137 

ℎ𝑊𝑊(𝑡𝑡) = max (0,
𝑟𝑟
2
𝐼𝐼 + 𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑧𝑧∗)   (𝐸𝐸𝐸𝐸. 12) 138 

where I is a vector equispaced from -1 to 1. At each tidal stage a mask is created by considering 139 

areas that are not vegetated and have a water depth of at least 0.2 m. Given a wind direction, the fetch is 140 

calculated over every cell of the domain. The fetch is then spatially smoothed to avoid sharp 141 

discontinuity, approximating wave diffraction and refraction.  142 

At each tidal stage the wave height (HW) and period (TW) are calculated based on the local water 143 

depth, fetch, and wind speed (Young and Verhagen, 1996). From the wave height and wave period, the 144 

wave number (kW), wave orbital amplitude (aW), and the wave bottom orbital velocity (uW) are calculated 145 

using the wave linear theory (Wiberg and Sherwood, 2008). 146 

2.2 Dynamic model for vegetation population 147 

The marsh vegetation model considers an equilibrium value for the vegetation biomass, Beq. As in 148 

previous models, this value only depends on marsh elevation (Morris et al., 2002), and it ranges from 0 to 149 

1, 150 

𝐵𝐵𝑒𝑒𝑒𝑒 = 4(𝑧𝑧∗ − 𝑧𝑧𝑙𝑙𝑙𝑙)(𝑧𝑧∗ − 𝑧𝑧ℎ𝑖𝑖)                   𝑧𝑧𝑙𝑙𝑙𝑙 < 𝑧𝑧∗ < 𝑧𝑧ℎ𝑖𝑖
0                                          𝑧𝑧∗ ≤ 𝑧𝑧𝑙𝑙𝑙𝑙  𝑜𝑜𝑜𝑜  𝑧𝑧∗ ≥ 𝑧𝑧ℎ𝑖𝑖

    (𝐸𝐸𝐸𝐸. 13) 151 

where zlo=-0.1 and zhi= MMMHW+0.1m, with the Median Monthly Maximum High Water 152 

(MMMHW) calculated based of a ~20 year time series of water levels as in (Mariotti and Zapp, 2022). 153 

Similar to previous models (van de Vijsel et al., 2023), marsh vegetation growth logistically, 154 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑣𝑣𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔ℎ𝐵𝐵(1 − 𝐵𝐵/𝐵𝐵𝑒𝑒𝑒𝑒)   (𝐸𝐸𝐸𝐸. 14) 155 
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with a scale growth rate vgrowth [yr-1]. Given that the growth rate is zero when the vegetation is 156 

zero, an area where the vegetation can be present (i.e., Beq>0) but that is initially unvegetated (B=0) would 157 

remain so. Two processes enable the vegetation to initiate in these areas: seeding and lateral expansion. 158 

Seeding occurs randomly throughout the domain, at a rate vseed [yr-1]. Seeded cells are assigned an 159 

initial biomass value Bo (set equal to 0.1). Lateral expansion, which simulates clonal growth, occurs at a 160 

constant rate vexpansion [m/yr]. In practice, a cell that is adjacent to a vegetated cell becomes vegetated with 161 

a probability vexpansion Δt/Δx. As for the seeding, the newly vegetated cell is assigned the value Bo. 162 

Finally, vegetation can be destroyed by hydrodynamic stress (Brückner et al., 2019; Willemsen et 163 

al., 2022). Here we model this by setting the biomass to zero when the bed shear stress is greater than the 164 

critical shear stress for mud resuspension. 165 

For comparison, a previous version of the model (Mariotti, 2020), as well other models (Alizad et 166 

al., 2016; D’Alpaos et al., 2012) simply assumed B=Beq. 167 

2.3 Sand and mud transport 168 

The model calculates the transport of both mud and sand. All transport is assumed to occur in 169 

suspension, through the tidal dispersion mechanism (Di Silvio et al., 2010). This is obtained by solving 170 

the steady state balance 171 

∇ ∙ �(𝑲𝑲 + 𝐾𝐾𝑜𝑜)ℎ∇c� = 𝐷𝐷 − 𝐸𝐸   (𝐸𝐸𝐸𝐸. 15 ) 172 

where c is the sediment concentration of either sand (cS) or mud (cM). The coefficient for the tidal 173 

dispersion (K) reads 174 

  𝐾𝐾𝑥𝑥 = 𝑘𝑘𝑈𝑈𝑥𝑥2𝑇𝑇/2   
𝐾𝐾𝑦𝑦 = 𝑘𝑘𝑈𝑈𝑦𝑦2𝑇𝑇/2    (𝐸𝐸𝐸𝐸. 16) 175 

where k is a nondimensional factor, set equal to 0.1 for mud and 0.5 for sand. Ko is the baseline 176 

diffusivity, representing processes not associated with astro-meteorological tides (e.g., wind driven 177 
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transport driven by local forcing, wave driven transport, turbulent mixing). This term is only present for 178 

mud, and it is equal to 10 m2/s in unvegetated areas and to 0.1 m2/s in vegetated areas.  179 

D is the deposition rate (either DS or DM) 180 

𝐷𝐷 = 𝑤𝑤𝑤𝑤𝑤𝑤   (𝐸𝐸𝐸𝐸. 17) 181 

The settling velocity w differs for sand (wS) and mud (wM), and it is modified when vegetation is 182 

present. f is the hydroperiod, which is calculated in a simplified way, 183 

𝑓𝑓 =  min �1, max�0,
𝑟𝑟
2

+ 𝑠𝑠𝑠𝑠𝑠𝑠 + 𝑚𝑚𝑚𝑚𝑚𝑚 − 𝑧𝑧� /𝑟𝑟�   (𝐸𝐸𝐸𝐸. 18) 184 

E is the erosion rate from the bed (either ES or EM), and it accounts for resuspension by both 185 

currents and sea waves. 186 

𝐸𝐸𝑆𝑆 = 𝐸𝐸𝑆𝑆_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐸𝐸𝑆𝑆_𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎
𝐸𝐸𝑀𝑀 = 𝐸𝐸𝑀𝑀_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 + 𝐸𝐸𝑀𝑀_𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 + 𝐸𝐸𝑀𝑀_𝑠𝑠𝑠𝑠𝑠𝑠

   (𝐸𝐸𝐸𝐸. 19) 187 

To calculate resuspension by tidal current, an empirical sinusoidal modulation of the tidal 188 

currents is introduced 189 

𝑈𝑈𝑈𝑈(𝑡𝑡) = |𝑼𝑼|𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋(2𝜋𝜋𝜋𝜋/(𝑇𝑇/2))   (𝐸𝐸𝐸𝐸. 20) 190 

In order to avoid unrealistic high velocity on the marsh platform, we limit the velocity so that the 191 

maximum Froude number is 0.3, that is, 192 

𝑈𝑈𝑈𝑈 = min �𝑈𝑈𝑈𝑈, 0.3�ℎ𝑔𝑔�   (𝐸𝐸𝐸𝐸. 21) 193 

where g is the gravity acceleration. This limiter has negligible effect in the channels, where water 194 

depths are on the order of meters. 195 

Next, mud resuspension by currents is computed with a modified Partheniades equation 196 

(Carniello et al., 2012)  197 
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𝐸𝐸𝑀𝑀_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑚𝑚𝑒𝑒
1
𝑇𝑇/2

� ��1 + ([𝜌𝜌𝑤𝑤𝑔𝑔ℎ−1/3𝑛𝑛2𝑈𝑈𝑈𝑈2]/𝜏𝜏𝑐𝑐𝑐𝑐)2 − 1�𝑑𝑑𝑑𝑑

𝑇𝑇/2

0

   (𝐸𝐸𝐸𝐸. 22) 198 

where me is the mud erodibility, τcr is the critical shear stress for mud erosion, and ρw is the water 199 

density. 200 

Sand resuspension by currents is calculated with the Engelund & Hansen formula averaged over 201 

half tidal cycle (Mariotti, 2021) 202 

𝐸𝐸𝑆𝑆_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 = 𝑤𝑤𝑠𝑠
1
𝑇𝑇/2

� 0.05
𝑛𝑛3𝑈𝑈𝑈𝑈4

ℎ1.5𝑔𝑔0.5(𝜌𝜌𝑠𝑠/𝜌𝜌𝑤𝑤 − 1)2𝑑𝑑50

𝑇𝑇/2

0

𝑑𝑑𝑑𝑑   (𝐸𝐸𝐸𝐸. 23) 203 

Sand and mud resuspension by shallow tidal flow are calculated in a similar way, 204 

𝐸𝐸𝑀𝑀_𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
1
𝑁𝑁
𝑚𝑚𝑒𝑒 ��1 + ��𝜌𝜌𝑤𝑤𝑔𝑔ℎ𝑠𝑠

−1/3𝑛𝑛2|𝑼𝑼𝒔𝒔|2�/𝜏𝜏𝑐𝑐𝑐𝑐�
2
− 1�   (𝐸𝐸𝐸𝐸. 24) 205 

𝐸𝐸𝑆𝑆_𝑠𝑠ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =
1
𝑁𝑁

0.05
𝑛𝑛3|𝑼𝑼𝒔𝒔|4

ℎ𝑠𝑠
1.5𝑔𝑔0.5(𝜌𝜌𝑠𝑠/𝜌𝜌𝑤𝑤 − 1)2𝑑𝑑50

   (𝐸𝐸𝐸𝐸. 25) 206 

where the factor N is included because this flow only takes place for a fraction of the tidal cycle. 207 

Finally, resuspension of mud by sea waves is calculated as 208 

𝐸𝐸𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑚𝑚𝑒𝑒
1
𝑇𝑇/2

� ��1 + ([0.5𝜌𝜌𝑤𝑤𝑓𝑓𝑤𝑤(𝑡𝑡)(𝑢𝑢𝑤𝑤(𝑡𝑡))2]/𝜏𝜏𝑐𝑐𝑐𝑐)2 − 1�𝑑𝑑𝑑𝑑

𝑇𝑇/2

0

   (𝐸𝐸𝐸𝐸. 26) 209 

where the time represents the different tidal stages described in section 2.1.3, and fw is a friction 210 

factor (Swart, 1974) 211 

𝑓𝑓𝑤𝑤 = 𝑚𝑚𝑚𝑚𝑚𝑚(0.3, 0.00251𝑒𝑒𝑒𝑒𝑒𝑒[5.21(𝑎𝑎𝑤𝑤/𝑑𝑑𝑜𝑜)−0.19])   (𝐸𝐸𝐸𝐸. 27) 212 

where do is the bed roughness, set equal to 1 mm. 213 

The erosion and deposition rate are then used to update the sediment thickness, and specifically 214 

the thickness of the active layers (Ys and YM), 215 
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𝜕𝜕𝑌𝑌𝑆𝑆
𝜕𝜕𝜕𝜕

=
𝐷𝐷𝑆𝑆 − 𝐸𝐸𝑆𝑆
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑆𝑆

− ∇ ∙ 𝐹𝐹𝑆𝑆   (𝐸𝐸𝐸𝐸. 28) 216 

𝜕𝜕𝑌𝑌𝑀𝑀
𝜕𝜕𝜕𝜕

=
𝐷𝐷𝑀𝑀 − 𝐸𝐸𝑀𝑀
𝜌𝜌𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏_𝑆𝑆

− ∇ ∙ 𝐹𝐹𝑀𝑀 + 𝑂𝑂 − 𝐶𝐶   (𝐸𝐸𝐸𝐸. 29) 217 

The downslope flux is calculated proportional to the bed slope. For mud it reads 218 

𝐹𝐹𝑀𝑀 = (𝜇𝜇 + 𝑎𝑎𝑀𝑀𝐸𝐸𝑀𝑀_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡)∇𝑧𝑧   (𝐸𝐸𝐸𝐸. 30) 219 

where μ is equal to 0.1 in unvegetated areas and to 3 in vegetated areas, and aM is equal to 0.2 220 

(Mariotti, 2020; Mariotti and Finotello, 2024). For sand it reads  221 

𝐹𝐹𝑆𝑆 = �𝑎𝑎𝑆𝑆𝐸𝐸𝑆𝑆_𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡 +
16𝑒𝑒𝑠𝑠𝐶𝐶𝑠𝑠𝜌𝜌𝑤𝑤

15𝜋𝜋(𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑤𝑤)𝑔𝑔
1
𝑤𝑤𝑆𝑆

�
𝜋𝜋𝐻𝐻𝑊𝑊

√2𝑇𝑇𝑊𝑊sinh (𝑘𝑘𝑊𝑊ℎ𝑊𝑊)
��∇𝑧𝑧   (𝐸𝐸𝐸𝐸. 31) 222 

where aM=5 and where Cs=0.1, es=0.1 (Mariotti, 2021; Ortiz and Ashton, 2016). Thus, the effect 223 

of wind waves on sand is only to smoothen the bed, and it is not directly coupled to the tidal transport. 224 

The in situ organic accretion is calculated proportional to the vegetation biomass 225 

𝑂𝑂 = 𝑅𝑅𝑜𝑜𝑜𝑜𝑜𝑜𝐵𝐵   (𝐸𝐸𝐸𝐸. 32) 226 

where Rorg is the maximum accretion rate. The organic material is added to the mud (YM), and it is 227 

not tracked as a separate constituent when it gets eroded. C is the marsh compaction rate, which is only 228 

applied where marsh vegetation is present. Finally, the mean sea level is increased according to the 229 

Relative Sea Level Rise rate (R). 230 

2.4 Stratigraphy and sand-mud interactions 231 

The stratigraphy is stored in cells with a constant thickness (equal to 0.5 m) and variable ratio of 232 

sand and mud. The bed elevation is calculated as the sum of the two active layers (YS and YM) plus the 233 

elevation of the top of the stratigraphy stack. When the active layer becomes smaller than a threshold (0.2 234 

m), the uppermost underlying layer is merged to the active layer; when the active layer becomes larger 235 

than a threshold (0.8 m), it is split and the lower portion is added on top of the underlying stratigraphy. 236 
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The erosion of sand and mud mixtures has been extensively studied and parameterized (Le Hir et 237 

al., 2011; van Ledden et al., 2004). For sand, experimental studies indicate that the erosion of sand 238 

decreases monotonically with the ratio of mud, with a smaller decrease at low mud fraction and a higher 239 

decrease at higher mud fraction (Colina Alonso et al., 2023). For simplicity, we assume that the decrease 240 

is linear with the mud fraction in the active layer χM,  241 

𝜒𝜒𝑀𝑀 =
𝑌𝑌𝑀𝑀

𝑌𝑌𝑀𝑀 + 𝑌𝑌𝑆𝑆
   (𝐸𝐸𝐸𝐸. 33) 242 

For mud, erosion has a non-monotonic relationship with the mud fraction: it peaks at intermediate 243 

values of the mud fraction due to the feedback with bedforms and hence bed roughness (Colina Alonso et 244 

al., 2023). For simplicity we assume that mud resuspension is not affected by the mud fraction. In practice 245 

this means that mud can always be winnowed away from sand, provided that the hydrodynamics was able 246 

to resuspend it were sand not present.  247 

In addition to the limiter based on mud fraction, a limiter is added based on the total sediment 248 

availability. In particular, Es is set equal to zero when Ys≤0 and EM is set equal to zero when YM≤0. 249 

Noticeably, both Ys and YM can become slightly smaller than zero during a single morphodynamic step. In 250 

that case, this negative amount of material is still kept track of (so that mass is conserved), but the bed 251 

elevation is calculated assuming that the active layer thickness is zero. Then, when sediment is eventually 252 

added to the layer and the thickness becomes positive, the usual dynamic returns. 253 

Knowledge on how downslope sediment transport is affected by the sand and mud ratio is 254 

limited, and hence highly simplified relationships are implemented here. First, the downslope transport of 255 

sand and mud is multiplied by the sand and mud fraction, respectively. Second, they are multiplied by a 256 

sediment availability factor, 1 − exp (−10/𝑌𝑌𝑆𝑆,𝑀𝑀). 257 

This factor gradually reduces to zero the transport when the thickness of the sand or mud 258 

approaches zero and removes unrealistic numerical effects. 259 

2.5 Ponding, wave edge erosion, channel meandering 260 
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Other processes are included as previously implemented, and here are only discussed briefly. 261 

Wave edge erosion rate (W) is calculated as  262 

𝑊𝑊 = 𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑃𝑃𝑃𝑃   (𝐸𝐸𝐸𝐸. 34) 263 

where the wave power (P) is calculated as the average for the various tidal stages (see section 264 

2.1.3), aedge is the marsh edge erodibility, and where the term f is included to take into account the 265 

reduction in the tide-averaged wave power when the bed is located above MLW, i.e., the bed is dry for 266 

some portion of the tidal cycle. The process of marsh edge erosion is numerically implemented using a 267 

probabilistic approach (Mariotti and Canestrelli, 2017). The eroded material is redistributed in the nearby 268 

cells, and it is completely conserved in the case of sand, while it is partly (25%) removed in the case of 269 

mud, simulating the process of organic matter oxidation.  270 

Ponding dynamics include pond formation by random seeding and impoundment, pond lateral 271 

expansion and deepening, and pond merging (Mariotti, 2020, 2016). Pond active deepening, which 272 

simulated organic matter decomposition, is only implemented on the mud fraction of the sediment (which 273 

is assumed to contain all the organic matter). 274 

Channel meandering is implemented in a simplified way. First, the tidal flow U is modified based 275 

on the flow curvature (Mariotti and Finotello, 2024), such that the velocity increases in the outer bend and 276 

decreases in the inner bend. Second, an additional bank erosion mechanism is calculated as a function of 277 

the flow curvature strength at the outer bank (Mariotti and Finotello, 2024).  278 

2.6 Model set up 279 

The model is set up to reproduce the Barnstable marsh (Massachusetts, USA), which has been 280 

extensively studied (Redfield, 1972). The marsh has a semidiurnal tide with a mean range of 2.87 m. The 281 

marsh has no direct riverine input, and it is located in an area with low anthropogenic disturbances.  282 

The basin is characterized by fine-medium sand, silty mud, and peat (Redfield, 1972). Except for 283 

the inlet, where the sand grain size is between 0.5 and 1 mm, the sand grain size in the basin is about 0.1-284 
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0.3 mm. For simplicity, we only consider one sand grain size, equal to 0.25 mm. For mud, we did not 285 

specify a size, but rather impose a settling velocity (0.2 mm/s) and a critical shear stress (0.2 Pa). Organic 286 

material, once produced, is incorporated into the mud fraction. 287 

We consider a simplified domain bounded by the upland and the barrier island, and open at the 288 

inlet. We assumed that the barrier island did not change during the simulated time: stratigraphic record 289 

indicate that the barrier has reached the current position about 2500 years ago, and minimal transgression 290 

has occurred (van Heteren and van de Plassche, 1997).  291 

We considered a slope in the along-basin direction, and slope in the cross-basin direction (mainly 292 

aligned with the cross-continent slope). This was informed by the presence of very old marsh cores in the 293 

south (and slightly west) area of the basin. We also consider an initial slope at the edge of the basin. Grid 294 

resolution Δx was set equal to 20 m. 295 

We considered time variable tidal range and sea-level anomaly, obtained from the water level 296 

measured in Boston (NOAA station 8443970) (Mariotti and Zapp, 2022). Both are assumed to be constant 297 

in space, which is reasonable given the short length of the basin (Zapp and Mariotti, 2023). Wind speed 298 

and direction was obtained from a nearby NOAA buoy (Mariotti and Zapp, 2022); wind speed was 299 

reduced by 15% to account for decrease in wind speed from offshore to sheltered areas (Mariotti et al., 300 

2018). Morphodynamics times steps Δt were set equal to 0.5 years, which is appropriate for these types of 301 

simulations (Mariotti and Zapp, 2022). 302 

We included an area near the inlet where waves are artificially imposed, simulating the swell 303 

propagating into the basin. The swell height decreases exponentially from a height of 1 m, with an e-304 

folding length of 500 m. 305 

Mud concentration at the inlet was set equal to 10 mg/l, consistent with a relatively low mud 306 

supply. Suspended sediment concentrations of about 10 mg/l were measured in the main channels of 307 

Barnstable (Mariotti et al., 2020). This concentration represents the equivalent value if the supply was 308 
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constant – whereas in reality is highly variable in time, and it mostly associated with wave resuspension 309 

in the nearshore (Baranes et al., 2022). Sand concentration at the inlet was set equal to 0.2 mg/l, and it 310 

was calibrated to obtain a channel depth of about 10 m. 311 

Relative sea level rise was set equal 0.7 mm/yr, matching a precise sea level reconstruction for 312 

the last 2500 years (Hein et al., 2010). Shallow peat compaction (C) was set equal to 2 mm/yr, in line 313 

with measurements of regional marsh compaction in a marsh located about 50 km north of Barnstable, 314 

which found a compaction of 30 cm over about 120 years (Yellen et al., 2023). Compaction is held 315 

constant in time and applied to all vegetated cells. 316 

Marsh edge erodibility depends in a non-linear way on marsh soil properties. Given the relatively 317 

high strength of New England marshes (Houttuijn Bloemendaal et al., 2021), compared for example to 318 

those in the Mississippi Delta (Jafari et al., 2019), a low value of marsh erodibility is chosen, equal to 319 

0.01 m/yr/(W/m). 320 

Finally, more than half of the marsh has been ditched since the 1930s, resulting in the drainage of 321 

marsh ponds (Mariotti et al., 2020). Here we neglect this process for two reasons. First, ditching only 322 

occurred over a short time interval with respect to the whole marsh trajectory. Second, given the relatively 323 

coarse spatial resolution (20 m), it would not be possible to directly simulate ditching in the model (but it 324 

could be theoretically parameterized as a subgrid drainage).  325 

3. Results 326 

3.1 Recreating present-day topobathymetry and marsh stratigraphy 327 

In the initial phase of the simulation the existing sand substrate is reworked by tidal currents, 328 

which incise the channel network (Fig. 2, video 1). Mud imported from the nearshore is deposited toward 329 

the edges of the basin, which eventually leads to the establishment of fringing marshes. Marshes also 330 

form on isolated sand bars adjacent to channels that dissect the tidal flat (Fig. 2). After about 1500 years 331 
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most of the basin is filled with marshes. Over the following 1000 years the marsh expands gradually, and 332 

at year 2500 both the marsh extent and the topobathymetry is similar to the modern one (Fig. 2). 333 

Marsh ages predicted by the model match the stratigraphic record (Fig. 3). As for the 334 

measurements, the oldest marsh (2500 years) predicted by the model is found at the edges of the basin, 335 

especially at the southern edge. The model predicts marsh ages of about 1500 years in the middle-west 336 

part of the basin, matching measured ages of 1510 and 1535 years. Eastward of this marsh, the model 337 

predicts a younger marsh (500-1000 years), which matches measured ages of 544, 625, 850, and 856 338 

years. Finally, the model predicts marsh formation in the middle-south portion of the basin in the last few 339 

hundred years, which matches marsh formation reconstructed by historical maps (Fig. 1). 340 

The inner bend marsh progradation associated with channel meandering also creates pockets of 341 

younger marsh surrounded by older marsh (Fig. 3). This agrees with unusually young marshes along the 342 

main channel (Fig. 3), e.g. those with ages of 610 and 144 years directly adjacent to one another. Given 343 

the slow rate of channel migration, however, the effect on the overall marsh age is small. 344 

3.2 Sediment dynamics and marsh accretion 345 

We considered a fixed bathymetry – the simulated present-day configuration at year 2500 – and 346 

calculated suspended mud concentration (cm) with different hydrodynamic forcings (Fig. 4A). Tidal 347 

currents associated with the largest tidal range and sea level anomalies creates cm in the channels on the 348 

order of 20 mg/l (Fig. 4), whereas currents associated with the mean tidal range only create cm of about 5 349 

mg/l. Wind resuspension creates a highly spatially and temporally variable cm, with peaks on the order of 350 

100s of mg/l, concentrated on the mud shoals facing the marsh edge (Fig. 4A). 351 

For comparison we considered sediment measurements in Plum Island Estuary, which is located 352 

about 200 km north and has a similar tidal range and wind regime, and presumably similar sediment 353 

dynamics. A field survey in a large tidal channel there reported peak values on the order of 100-300 mg/l 354 

for the largest tidal ranges (Fagherazzi et al., 2017). The lower values predicted by our model (about 20 355 
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mg/l) can be explained considering that the model calculates a tide-average value, which is an order of 356 

magnitude lower than the peak values. Field measurements in the marshes of Plum Island Estuary found 357 

values on the order of 0-5 mg/l (Coleman et al., 2020), which is well predicted by the model (Fig. 4A). 358 

Finally, values of 5-20 mg/l in the open tidal flat of Plum Island Estuary (Zhang et al., 2020) are also 359 

consistent with model predictions.  360 

Vertical accretion is strongly controlled by the marsh elevation. On the higher (and older) marsh 361 

platform accretion is dominated by in situ organic production (3-4 mm/yr) (Fig. 4C), whereas mud 362 

accretion is about 1 mm/yr (Fig. 4B). Together they roughly match the RSLR plus consolidation rate 363 

(3+2=5 mm/yr), and are consistent with marsh vertical accretion rates of about 5 mm/yr measured over 364 

the last ~50 year in the high marsh of Barnstable (Mariotti et al., 2020) and Plum Island Estuary (Wilson 365 

et al., 2014). On newly formed marsh, which is 0.5 to 1 m lower than the high marsh platform, both in 366 

situ organic accretion and mud deposition are on the order of 5 mm/yr. These values also agrees with 367 

vertical accretion measurements on the low marsh of Plum Island Estuary on the order of 10 mm/yr 368 

(Wilson et al., 2014). 369 

3.3 Sensitivity analysis 370 

To test the sensitivity of the results, we performed morphodynamic simulations as for the 371 

reference case (2500 years long, with RSLR acceleration in the last 100 years), but changing one 372 

parameter at the time. 373 

With a shallower (+0.3 m) initial bathymetry, the basin fills with marshes only a few percent 374 

more than the reference case (Fig. 5). On the other hand, with a deeper (-0.3 m) initial bathymetry, the 375 

basin fills less, and has roughly half the marsh extent than the reference scenario (Fig. 5). 376 

With a higher mud supply (cMo=15 mg/l), the basin completely fills with marshes (Fig. 6). With a 377 

lower mud supply (cMo=5 mg/l) the basin barely fills and has only a small amount of marsh in the 378 

southern portion of the basin (Fig. 6). 379 
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Morphodynamics is highly sensitive to wind forcing. Reducing the wind speed by 10% increases 380 

the net import of sediment and the basin completely fills with marshes, similar to the case with a higher 381 

mud supply (Fig. 7). Increasing the wind speed by 10% decreases the net import of sediment and the 382 

basin barely fills with marshes, similarly to the case with a lower mud supply. When wind is not included 383 

in the model, the basin completely fills with marshes. When wave edge erosion is not included the marsh 384 

extent is slightly larger (~10% more) than the reference case, but it does not completely fill in. When 385 

wave edge erosion is doubled, the marsh extent is reduced by about 30%. Doubling wave-induced mud 386 

bed erosion (Eq. 26) creates a deeper basin and drastically reduces the formation of marshes. In particular, 387 

marsh formation is inhibited at the edges of the basin, whereas it is slightly enhanced on sand bars in the 388 

seaward portion of the basin. 389 

Increasing the seeding rate (vseed) tenfold increases basin filling, and in particular it promotes 390 

marsh formation closer to the inlet while slightly reducing it more landward (Fig. 8). Decreasing the 391 

seeding rate tenfold decreases basin filling, similar to the effect of an initial deeper bathymetry. 392 

4. Discussion 393 

4.1 Marsh dynamics 394 

The model successfully reproduced the filling of the basin and the formation of marshes in the 395 

last 2500 years. Most notably is perhaps the irregularity of marsh growth (Fig. 2, 3B, video 1), even in the 396 

presence of a constant RLSR rate and mud supply. Specifically, large (~1 km2) swaths of marsh are 397 

created within a century (e.g., those formed between year 1000 and 1500).  398 

The results conform to the idea of the three phases of marsh development (Xu et al., 2022): 399 

preparation, encroachment, and adjustment. In our case, preparation entails the formation of sand bars and 400 

the accumulation of mud at the edge of the basin. Encroachments entails vegetation seeding of recently 401 

deposited beds, as well as lateral expansion of recently formed vegetation patches. Adjustment entails the 402 

gradual adjustment toward a dynamic vertical equilibrium (e.g., the fast vertical accretion of the marsh 403 
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formed around year 2500). Contrary to (Xu et al., 2022), however, our models suggest that these phases 404 

take place over hundreds of years as opposed to tens of years. This might be explained by the presence of 405 

waves – not present in (Xu et al., 2022) – which drastically slow down mud accumulation as well as 406 

vegetation colonization. 407 

4.2 When does a basin fill in with marshes? 408 

The models agrees with the hypothesis that the balance between marsh progradation and retreat is 409 

controlled by external mud supply (Mariotti and Canestrelli, 2017; Mariotti and Fagherazzi, 2010; 410 

Willemsen et al., 2022) (Fig. 5). A large enough mud supply allows the formation of shallow mud 411 

deposits at the edge of the basin, which are eventually colonized by vegetation and lead to marsh 412 

progradation.  413 

The model suggests that Barnstable has been slowly filling with marshes in up to present time – 414 

the same conclusion reached based on the stratigraphy measurements alone (Redfield, 1972). The 415 

presence of present-day marsh expansion is at odds with the recent trend of marsh loss, including in New 416 

England marshes (Watson et al., 2016). This might be explained by a slightly larger mud supply in the 417 

nearshore than on other areas in New England – perhaps the lower portion of Cape Cod Bay (Fig. 1) 418 

accumulates some of the mud resuspended in the more swell exposed shelf on the north.  419 

The role of initial bathymetry in shaping the evolution of a basin has been previously identified 420 

(van Maanen et al., 2013; Zhou et al., 2014). A deeper bathymetry requires more sediment to fill in. This 421 

suggest that, for a given mud supply, not only the initial size (Mariotti and Fagherazzi, 2013) but also the 422 

initial depth controls whether a basin fills in, fills in partly, or remains nearly devoid of marshes. Overall, 423 

the dependence on the initial basin size and depth might explain why Plymouth Bay – a larger basin 424 

located ~50 km north of Barnstable (Fig. 1A) – is mostly devoid of marshes. 425 

4.3 Sensitivity to erosion and vegetation processes 426 
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As previously concluded (Elmilady et al., 2019), locally generated waves within the basin are a 427 

fundamental mechanism, especially when the basin is initially empty. Their effect would be negligible 428 

only when the whole basin is filled with marshes (e.g., Fig. 6), or when the basin is small to start with 429 

(e.g., shorter than 1 km). 430 

Marsh edge erodibility is a relatively minor factor in the marsh trajectory (Fig. 7), likely because 431 

of the relatively small fetches and relatively low marsh edge erodibility. On the other hand, the marsh 432 

trajectory is strongly affected by wave-driven resuspension of the bed sediments (Fig. 7). Indeed, large 433 

sediment resuspension – by either stronger wind or more mud erosion (Fig. 7) – reduces the accumulation 434 

of mud at the basin edges and hence its colonization by vegetation. Mud resuspension also depends on 435 

other parameters, such as critical bed shear stress (τcr), mud erodibility rate (me), bed roughness (do), and 436 

mud settling velocity (wm). Even though each parameter was not calibrated individually, the realistic 437 

model results at both long (Fig. 3) and short (Fig. 4) time scales indicate that the combination of the 438 

chosen parameters was appropriate. 439 

Of the factors affecting mud resuspension (Fig. 7), the sensitivity to wind speed is possibly the 440 

most striking. Variations in wind speed on the order of 10%, which might be expected when considering 441 

different marsh settings worldwide, determine whether the basin nearly fills of barely fills with marshes.  442 

Therefore, changing meteorologic conditions may be an underappreciated control on marsh trajectory. 443 

Vegetation dynamics also affects the marsh trajectory, but not as much as the sediment 444 

parameters. Increasing the seeding rate does not accelerate marsh expansion (Fig. 8), indicating that it is 445 

not a limiting factor. In this case the limiting factor is the development of suitable shallow area, i.e.,  the 446 

preparation phase (Xu et al., 2022). If the seeding rate is largely reduced, however, it can become a 447 

limiting factor and reduce the overall marsh expansion. 448 

4.4 Model limitations 449 
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The model does not recreate realistic sandy channels in the seaward portion of the tidal flat, 450 

where channels are fewer and larger than the real ones (Fig. 2). This is probably a consequence of the 451 

symmetrical tidal flow (ebb and flood). In reality, ebb and tidal flow currents take different routes, which 452 

promotes the formation of mutually evasive channels and shoals (van Veen et al., 2005). Hence, the 453 

results in the areas closer to the inlet should be considered less reliable. 454 

The model is also limited by the highly simplified connection with the nearshore, and the 455 

imposed sediment concentration at the inlet. For example, the tidal inlet is mostly static, whereas in 456 

reality is highly mobile mostly due to rapid morphodynamic changes in the nearshore and the ebb tidal 457 

deltas. 458 

The model is also limited by the assumption of a single sand grain size. Field measurements 459 

indicate that the grain size is two to four times coarser in the inlet area than in the inside of the basin 460 

(Redfield, 1972). Such coarser sand likely explains the presence of shallower – and thus wider and more 461 

numerous – channels in this area than reproduced by the model. Even though this could be technically 462 

included in the model, it does not seem essential to reproduce the marsh dynamics.  463 

The model does not keep track of organic matter, which is instead merged with the mud fraction. 464 

This can also be addressed by including an additional sediment class, even though it is still limited by 465 

poor knowledge of the fate (e.g., rate of decomposition) of the eroded organic matter.  466 

4.5 Future predictions 467 

After calibration, the model can be used to make predictions about the future marsh evolution. 468 

Although many climatic scenarios can be considered, here we focus on just two: one where RSLR rate 469 

remains the same as the last century (3 mm/yr), and one where it increases to 10 mm/yr.  470 

Barnstable was on a trajectory to completely fill in, but an increase in RSLR rate halts this trend 471 

(i.e., shuts down new marsh expansion) and also triggers net marsh retreat (Fig. 9). Even in the highest 472 

RSLR scenario, however, marsh edge retreat is relatively small, on the order of 0.1-0.3 m/yr in the most 473 
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exposed areas. These rates are consistent with those measured in New England salt marshes exposed to 474 

large waves. The low rates are caused by the restricted fetch in the present-day configuration (at most 2 475 

km), and by the low marsh edge erodibility.  476 

The marsh platform loses up to 1 m of elevation after 200 years in the highest RSLR scenario; the 477 

whole high marsh transition to low marsh, as predicted by previous models (Alizad et al., 2022; Langston 478 

et al., 2020). Nonetheless, the marsh does not drown. Given that the maximum in situ organic accretion is 479 

5 mm/yr, this reflects the availability of sediment due to the reworking of the tidal flats and the tidal 480 

channels, an effect not simulated by models that assume a fixed bathymetry (Alizad et al., 2022; Langston 481 

et al., 2020). Indeed, the marsh has a high capacity to accrete by mud deposition when its elevation is low 482 

(Figs. 4B, 10). Furthermore, the high sediment supply prevents the ponds from entering the runaway 483 

trajectory (Mariotti, 2016). 484 

The lowering of the marsh platform increases the tidal prism; this then causes widening of the 485 

marsh channels as previously predicted (Mariotti, 2020). Noteworthy, widening of channels is widespread 486 

in New England marshes (Mariotti, 2018; Smith, 2024; Watson et al., 2016), and might constitute the 487 

dominant mechanism of marsh loss in mesotidal marshes (Mariotti, 2020). 488 

5. Conclusions 489 

The improved MarshMorpho2D includes all the key processes previously identified as necessary 490 

to reproduce a realistic long-term marsh morphodynamic trajectory. In particular, the model includes 491 

vegetation population dynamics as in recently developed models, but it is less numerically expensive. 492 

Therefore, the novelty of the model does not reside in any particular new process, but rather in the ability 493 

to include all the processes in a long-term (2500 year) simulation, and to successfully hindcast the whole 494 

trajectory of a real marsh site. 495 

This study confirms the dependence of marsh morphodynamics on previously identified factors: 496 

initial bathymetry, mud supply from the nearshore, wind and wave erosion parameters, and vegetation 497 
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parameters. Each one of these factors is important yet difficult to calibrate on its own. Matching the long-498 

term evolution with the stratigraphic record provides a global constraint for the processes and parameters 499 

in the model, increasing the confidence in future long-term predictions. We suggest that this should 500 

become a complementary approach to calibrate and validate marsh evolution models.  501 

The newly calibrated model can be used to predict with more confidence the future marsh 502 

evolution, fully including the morphodynamics feedback associated with evolving channels and tidal flats. 503 

For the Barnstable marsh, the model indicates that the marsh will lower its elevation for a high RSLR rate 504 

scenario, but it will not drown even after 200 years, likely because of sediment recycling from eroding 505 

channels and tidal flat. On the other hand, major marsh loss will occur due to channel widening and, in 506 

minor part, wave-driven edge erosion. The model could be further used to address the effect of marsh 507 

restoration activities, such as marsh edge protection, thin-layer placement, and new marsh creation. 508 
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 514 

Table 1. Parameters used in the model. 515 

Vegetation dynamics   

vgrowth Vegetation growth rate 1 year-1 

vseed Vegetation seeding rate 0.02 year-1 

vexpansion Vegetation lateral expansion rate 1 m/yr 

 Flow mortality bed shear stress 0.2 Pa 

Rorg Maximum in situ organic accretion 5 mm/yr 

Hydrodynamics   

r Tidal range (low, middle, high) 2.21, 2.87, 3.63 m 
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sla Sea level anomaly (low, middle, high) -0.14, 0, 0.13 m 

T Tidal period 12.4 hours 

n (unvegetated) Manning coefficient 0.05 m1/3/s 

n (vegetated) Manning coefficient 0.1 m1/3/s 

Sediment dynamics   

wM Mud settling velocity 0.2 mm/s 

ws Sand settling velocity 20 mm/s 

d50 Sand median grain size 0.25 mm 

τcr Critical shear stress for mud erosion 0.2 Pa 

me Mud erodibility rate 1.5 10-5 kg/m2/s 

k (sand) Coefficient for tidal dispersion 0.5 

k (mud) Coefficient for tidal dispersion 0.1 

Ko (sand) Baseline sand diffusivity 0 

Ko (mud, unvegetated) Baseline mud diffusivity 10 m2/s 

Ko (mud, vegetated) Baseline mud diffusivity 0.1 m2/s 

aedge Wave edge erosion rate 0.01 m/yr/(W/m) 

 516 

 517 

Figure 1. A) Location of Barnstable marsh (Massachusetts, USA). B) Aerial image (3/11/2012) 518 

Landsat/Copernicus, retrieved with GoogleEarth. C) Historical map from 1788 (Des Barres, 1780). The 519 

red ellipses indicate a marsh area that formed after 1780 a.d. 520 
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 521 

 522 

Figure 2. A) Topobathymetry from year 2018 (NOAA). Note the white areas in the channel on 523 

the west side indicate the lack of data (deep channels not captured by the Lidar). B) Modeled marsh 524 

evolution, showing the topobathymetry at different times. Year 2500 is assumed to be equal to present-525 

day (about year 2000 a.d.). The last two panels show the simulations with and without RSLR acceleration 526 

from 0.7 to 3 mm/yr starting at year 2400. 527 
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 528 

Figure 3. A) Marsh dates (reported in years before present) are from (Braswell et al., 2020), and 529 

are color-coded by millennia. B) Model results at year 2500: topobathymetry, marsh age, surface 530 

sediment composition, vegetation biomass. C) Model results at year 2500: stratigraphy cross section 531 

along and across the basin, also showing the presence of marsh peat (vegetated cells that got buried). 532 
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 533 

Figure 4. A) Map of suspended mud, calculated with the topobathymetry at year 2500 with 534 

selected hydrodynamic forcings. B) Annualized mud deposition on the marsh. C) Annualized in situ 535 

organic accretion on the marsh. 536 

 537 

 538 
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Figure 5. Sensitivity to initial basin depth, comparing the topobathymetry at year 2500. 539 

 540 

 541 

Figure 6. Sensitivity to mud sediment concentration at the inlet (cMo), comparing the 542 

topobathymetry at year 2500. 543 

 544 

 545 

Figure 7. Sensitivity to wind and wave-related processes, comparing the topobathymetry at year 546 

2500. 547 

 548 
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 549 

Figure 8. Sensitivity to vegetation dynamics, comparing the topobathymetry at year 2500. 550 

 551 

 552 

Figure 9. Model predictions with different rates of RSLR, starting from the modeled present-day 553 

condition. 554 

 555 
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Figure 10. Suspended mud from currents and annualized mud accretion (as in Fig. 4A,B) 556 

calculated based on the topobathymetry 200 years after present-day with a RLSR rate of 10 mm/yr (Fig. 557 

9). Note that for the same tide (r=3.63 m, sla=0.15 m), the suspended mud on the marsh platform is 558 

higher compared to the present-day topobathymetry (Fig. 4A). 559 

 560 
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