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Abstract

A growing number of coastal eco-geomorphologic niodestudies have been conducted to
understand coastal marsh evolution under sease(SLR). Although these models quantify
marsh topographic change as a function of sedirientand erosion, their representations of
vegetation dynamics that control organic sedimematiffer. How vegetation dynamic schemes
contribute to simulation outcomes is not well quféed. Additionally, the sensitivity of

modeling outcomes to parameter selection in thédabta formulations has not been rigorously
tested to date, especially under the influencendaelerating SLR. In this paper, we used a
coastal eco-geomorphologic model with differentatagjon dynamic schemes to investigate the
eco-geomorphologic feedbacks of coastal marsheparaanetric sensitivity under SLR
scenarios. We found thatarsh platform relief increased with sea level rede The simulations
with different vegetation schemes exhibited différgpatial-temporal variations in elevation and
biomass. The nonline&partinascheme presented the most resilient prediction generally

the highest marsh accretion and vegetation bionaasisthe least elevation relief under SLR. But
the linearSpartinascheme predicts the lowest unvegetateshetated ratio. We also found that
vegetation-related parameters and sediment diffysivhich were not well measured or
discussed in previous studies, were identifiedoasesof the most critical parameters.
Additionally, the model sensitivity to vegetatioslated parameters increased with SLR rates.
The identified most sensitive parameters may infoaw to appropriately choose modeling
representations of key processes and parametedgfgrent coastal marsh landscapes under

SLR, and demonstrate the importance of future fieéhsurements of these key parameters.

Keywords: Landscape evolution, Eco-geomorphologic modeg<tal marsh, Sea level rise,

Accretion, Vulnerability
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1 Introduction

Coastal marshes are unique landscapes that caenestrial and aquatic systems and
provide important ecosystem services, such asisirgiavildlife habitats, protecting shorelines,
attenuating floods, storing carbon, and filterimgitaminants (Barbier et al., 2011; Costanza et
al., 1997; Fagherazzi, 2014, FitzGerald & Hugh€4,2 Roulet, 1990; Tiner, 2013). Intensified
climate change, especially accelerating sea léesel(ELR), storm surges and associated extreme
sea levels, and reduced sediment transport toodesta zone threaten the stability of coastal
marsh ecosystems (Cahoon & Guntenspergen, 201iff Riaal., 2015; Scavia et al., 2002;
Yousefi Lalimi et al., 2020). The vertical accretiate for coastal marsh surfaces is the
difference between the sedimentation rate andutface erosion rate and is controlled by
complex eco-geomorphologic interactions at multgdales. To survive, the vertical accretion
rate must at least keep pace with the rate dftivel SLR (i.e. SLR + subsidence rate, Burkett &
Kusler, 2000; Day et al., 2008; Kirwan et al., 20Marani et al., 2007; Reed, 1995). Therefore,
investigating how eco-geomorphologic processesorespo SLR is a prerequisite for
understanding the sustainability and resilienceoaistal ecosystem structure and functions to

SLR.

The term eco-geomorphology, which highlights theractions between landscapes and
ecosystems, can be traced back to the concepb-@fdamorphology in the pioneering study by
Viles[1988], who explicitly considered the interactiades of biota and geomorphology in
landscape development. Later, a more comprehedss@iption of the linkage between coastal
hydrology, vegetation dynamics, and geomorphologyg gradually established by early-stage
modeling studies (Allen, 2000; D’Alpaos et al., Z06rench, 1993; Kirwan & Murray, 2007;

Marani et al., 2007; Morris et al., 2002; Mudd ket 2004, 2009; Randerson, 1979; van Wijnen
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& Bakker, 2001). The diagram presented in Figuiecludes the key components that control
the eco-geomorphologic feedbacks in coastal ecasysand provides a conceptual framework
for model development and analysis. Here, the stadedynamics of a hydro-eco-geomorphic
system is described in terms of three variablesgimalevation, vegetation biomass, and ocean
drivers including saltwater intrusion, tide, wasgrm surge, and sea level rise (SLR)) and three
sediment fluxes (inorganic sediment depositionanig soil production, and erosion) (Allen,
2000; Marani et al., 2007, 2010). The elevatiomafshland with respect to the mean sea level,
which may change over time, is controlled by acorethrough inorganic sediment deposition,
organic soil production, and erosion, as well asog subsidence (soil compaction and
sediment decomposition) and SLR. Tidal currentsjesaand storm surges directly drive
sediment dynamics via sediment deposition and @nos§thanges in tidal range affect the depth,
frequency, and duration of flooding of marsh plaatd therefore changes solil salinity, oxygen
and sulfide availability affecting plant growth &istri & Marani, 2004). Vegetation plays a
critical role in decreasing water velocity and giating wave energy, thereby reducing sediment
erosion and increasing deposition (Carus et al.62Ghisalberti & Nepf, 2005; Moller et al.,
2014; Nepf, 1999; Yang et al., 2012). Vegetati@o aontributes to sedimentation by directly
trapping suspended sediment and by producing argaaiter in the subsurface (Mudd et al.,
2004). Changes in marsh elevation produce changsater levels on marshland, thereby

affecting marsh plant development (Morris et @02, Mudd et al., 2004).
[Approximated location of Figure 1]

Using this conceptual framework, a number of mattéral models have been
developed to describe and understand the evoloficoastal marshes under SLR (e.g., Allen,

2000; Best et al., 2018; Da Lio et al., 2013; D'ads et al., 2007; Duvall et al., 2019; French,
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1993, 2006; Kirwan et al., 2010; Kirwan, Temmermearal., 2016; Kirwan, Walters, et al.,
2016; Kirwan & Murray, 2007; Kirwan & Temmerman,@0) Langston et al., 2020; Marani et
al., 2007, 2013; Mariotti & Fagherazzi, 2010; Mer& Bowden, 1986; Mudd et al., 2009;
Rogers et al., 2012; Schile et al., 2014; Schuet@l., 2018; Stralberg et al., 2011; Thorne ¢t al.
2018; van Wijnen & Bakker, 2001). Although thesedasls vary in complexity, all provide
insights into coastal marsh vulnerability under SEBpecially for understanding whether the

accretion rate of marshland can keep pace withatteeof SLR.

For their representation of vegetation-related gsses, some modeling studies assumed
static vegetation with a constant influence of watien on hydrodynamics and sedimentation
(Allen, 1995; D’Alpaos et al., 2011; French, 19883dd et al., 2009; Rogers et al., 2012; Schile
et al., 2014; Stralberg et al., 2011; van WijneB&kker, 2001). Other studies modeled more
detailed vegetation-water-land interactions by abering the impact of vegetation density,
height, and submergence on water flow and seditn@msport (e.g., Da Lio et al., 2013;
D’Alpaos et al., 2007; Duvall et al., 2019; Muddagt 2004, 2009; Temmerman et al., 2005).
Morris et al.(2002) first proposed a clear relationship betwaansh vegetation biomass and its
depth below mean highest tide level based on #&ié fibservation on the coastal marsh in South
Carolina, USA. Other studies extended this workxplicitly integrate quantitative
representations for vegetation dynamics into cbasaash evolution by assuming 1) a linear
relationship betwee8partinadominant vegetation and its inundation conditi@elliard et al.,
2015; D’Alpaos et al., 2007), 2) a nonlinear reaship betweeSpartinadominant vegetation
and its inundation condition (Kirwan & Murray, 2QQ\Mariotti & Fagherazzi, 2010), or 3) a

linear relationship between multiple vegetationcege and their inundation condition (Belliard
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et al., 2015; D’Alpaos et al., 2007, 2019; Mararale, 2004, 2013; Silvestri et al., 2005). The

detailed explanations are presented in Subsection 2

Many of these modeling studies evaluated the valribty of coastal marshes under SLR
by using a lumped approach, where they treatedaaasrshes as a single point or only focused
on the marsh near the seaward boundary withoutamieation of the marsh spatial variation
from the ocean to the upland in responding to SDRIpaos et al., 2011; French, 2006; Kirwan
et al., 2010; Kirwan & Temmerman, 2009; Mudd et 2009; Temmerman et al., 2003; van
Wijnen & Bakker, 2001). Other studies investigateel spatial and temporal variation of coastal
marsh evolution under SLR (D’Alpaos et al., 2007AlPaos & Marani, 2016; Kirwan, Walters,
et al., 2016; Marani et al., 2013; Ratliff et 2015). However, the response of coastal marsh
evolution under SLR to varying representationsegjetation dynamic processes is still not well
understood, especially the co-evolution of coasiaish elevation and vegetation. Furthermore,
as the complexity and sophistication of these ebasbtdels continues to increase, there is a
critical knowledge gap in how sensitive model pcedns are to model parameterizations under
different SLR conditions. This knowledge is critifar developing effective model
parameterizations, and designing field studieotestrain those model parameters under
different SLR scenarios. Currently, this knowledgg limits our confidence in the application

of these types of models to inform coastal wetlar@hagement and protection.

In this study, we used a coastal eco-geomorphiceinasith different vegetation dynamic
representations to investigate the eco-geomorpiwfegdbacks in coastal marshes under future

SLR conditions to address the following two quesiio

1) How will the selection of vegetation representagioasult in spatial and temporal

differences in eco-geomorphologic outcomes of @asarshes under SLR?
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2) How will the different vegetation representationsl @ifferent rates of SLR affect

model parametric sensitivity?

To address these questions we simulated the esolatia one-dimensional coastal
marsh transect using a well-established coastageomorphologic model fromd’Alpaos et al.
(2007). Specifically, under two commonly-used fatglobal mean SLR scenarios (SLR=0.005
m/yr and SLR=0.01 m/yr, corresponding to RCP (Regméative Concentration Pathways) 4.5
and RCP 8.5 scenarios in Phase 5 of the Couplec&eMoidrcomparison Project (CMIP5)
(Spencer et al., 2016), we explored three diffedependencies of vegetation biomass on
elevation above mean sea-level: linear and noradifegmulations for th&partinadominant
vegetation (D’Alpaos et al., 2007; Mariotti & Faghezi, 2010; Morris et al., 2002); and the
mixed-species linear function (D’Alpaos et al., 2D0After comparing the spatial and temporal
variations of coastal marsh evolution under SLRhwlifferent vegetation equations, we used a
global sensitivity approach to evaluate the sensjtof eco-geomorphologic processes to model

parameterizations spanning a wide range of thepeteas.

The paper begins by introducing process representat Section 2, followed by model
introduction, study site, experiment design, andlehsetting in Section 3. Then we analyze the
marsh evolution and model sensitivity under diffénates of sea level rise, vegetation schemes,
and maximum organic soil production rates in SectioFinally, we discuss the implications of
this study for understanding the vulnerability ofstal marsh under SLR, guiding data-model

integration, representativeness, and uncertainties.
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2. Background: process representation in eco-geomuanologic models

Eco-geomorphologic models represent topographingdaf coastal marsh as the net
balance of sediment erosion and deposition (Faghieeaal., 2012). Based on mass
conservation, the spatially-averaged dynamics mpdgoaphic elevation in a coastal landscape

can be expressed as

S==0D-E)-R (1)

wherez is the surface elevation relative to the meaneses with the dimension of [L] is
time [T]; p is the porosity of bed sedimemt;andE represent local sediment deposition and
erosion rates with the dimensions of [JTrespectively; an® is the rate of sea level rise [LT
1,

However, the way each term in Eq. 1 is modeled waaty. For the erosion ternk’) in
Eqg. 1, it may consist of erosion due to bed shigass induced by currents and waves and/or
due to wave breaking (Carniello et al., 2005; Magdral., 2010; Mariotti & Fagherazzi, 2010;

Van Rijn, 1993), namely,

E = Eshear + Epreaks (2)
whereE,.q» is the erosion due to bed shear stress![LErosion occurs when the bed shear
stress £,) exceeds the critical shear stress for erosig) Yiz

a(T—O—l) if 19 > 1,
Te s
if 19 < T,

3)(

Eshear =
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wherea is the erosion coefficienk,, ., in Eq. 2 is the erosion due to wave breaking L. T
According toMariotti and Fagherazz{2010),E},... IS a function of wave power dissipated by

breaking:

B(=-1)/d if P>P,

PCT'

. ’ 4) (
0 if P<P,

Epreak =

wherep is the wave erosion coefficierR;is the wave power per unit area [VWT?]; P, is the
threshold of wave power for wave erosion [WW.F?]; andd is the spatial interval over which

wave breaking occurs [L].
The sedimentation rat®, in EqQ. 1, is given by
D =D+ D, +D,, (5)

whereD; is the inorganic sediment settling rate {iJTwhich is a function of settling velocity
(wg) [LT] (Cao et al., 2020), suspended sediment concantrél), bed shear stress,j due
to water flow [ML3T-?], and critical shear stress for sedimentatigy) [ML3T-?] (Krone,

1962), namely,

To .
[—— <
) w,C (1 Td) if 7o Td. (©6)

0 if 79 > 14

D; in Eq. 5 is the inorganic sediment trapping rate tb the effect of vegetation canopy [T

which can be represented by an empirical form
D, = CUedsngmin[hg, h,,] (7)

whereU is the water flow velocity [LT]; € is a capture efficiency of vegetation stefs,is
the water flow depth [L], and several vegetatioarelateristics, such as plant stem diameter

(ds), stem densityr(;), and vegetation height() (Mudd et al., 2004; Palmer et al., 2004).
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Additionally, D, in Eq. 5 is the organic matter production rate |, which is a function of

plant biomass, viz

B
Do = Kb Bmax’ (8)

wherek,, is the maximum production rate of belowground aiganaterial [LT]; B is the
aboveground plant dry biomass at the current tivtie]]; andB,,,,, is the maximum

vegetation biomass [MH. The growth of coastal marsh vegetation is cdlgddby several
factors related to nutrient inputs (e.g., nitrogewx phosphorous) and soil environmental stress
(e.g., oxygen availability, salinity, and sulfidencentration) (Silvestri & Marani, 2004).

Morris et al.(2002) proposed a relation between vegetation ssraad the depth of the marsh
surface below the mean highest tidal level basedbservations at a coastal marsh in South
Carolina, USA. Based on this relation, several eiwgdifunctions were derived to represent
equilibrium vegetation biomass under different gagcconditions. The empirical function can
be expressed as a linear (D’Alpaos et al., 20038) marrabolic (Morris et al., 2002) function of
salt marsh elevation relative to tide level. Far linear dependency, the lowland area with
frequent flooding is more favorable for salt-tolerand flood-tolerant species, suchSgmrtina
alterniflora. The vegetation biomass is proportional to inultiadlepth. Quantitatively, the

biomass equation can be written as (see the biaeariFig. 2)

MHTL=Dpiomin—2) .
(Srr=Puiomin D) b v if MHTL = Dyiomax < Z < MHTL = Dyiompn

Dpiomax—Dbiomin ’ (9)

0 ifMHTL_Dbiomax >ZOT'Z>MHTL—Dbi0min

B1=

whereB; is the time-averaged aboveground biomass deMdity’]; B,,., is the maximum
biomass density [ME]; MHTL represents the mean highest tide level D}omax aNdDy;omin

are the highest and lowest depth beMWTL, respectively, which bounds the upper and lower
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limits of vegetation growth range (D’Alpaos et &007).MHTL — Dy;omin aNdMHTL —
Dyiomax represent the elevations of the upper and lowenaries for vegetation growth (the
dashed lines in Fig. 2). Whereas, some mixed specienarshland prefer higher elevation

region with less flooding and better aerated s@k(the orange line in Fig. 2), namely

0 if MHTL — Dyiomax > Z
_(MHTL_D iomax) .
BZ - (ZDbiomax_Dl;iomin )Bmax lf MHTL B Dbiomax S z S MHTL B Dbiomin (10)
L Binax if z> MHTL — Dpiomin

whereB, is the time-averaged aboveground biomass demsityiiked species [M]
(D’Alpaos et al., 2007). Besides these linear fiomd, a parabolic formulation describes that
the plant biomass goes to zero when the marshceuelavation reaches the uppdHT L —
Dpiomin) OF lower bound MHTL — Dy;omax), @nd the biomass reaches its peak at a certain

elevation betweeMHTL — Dyipmin @VAMHTL — Dy;omax (S€€ the yellow line in Fig. 2):

B3=

{ 0 if MHTL — Dpjpmax > Z 07 2 > MHTL — Dy;omin 1)

Bmax(aD + bD? +¢) if MHTL — Dpiomax < 2 < MHTL — Dpiomin

whereB; is the time-averaged aboveground biomass dendity’] (Morris, 2006); D is the

ratio betwee HTL — Dyiomin — Z @NADy;omax — Dpiomin: & D,andc are fitting coefficients.
[Approximated location of Figure 2]

The representation of marsh hydrodynamics drivetidegs and waves is also an
essential part of eco-geomorphologic modeling beedoth erosion and sedimentation are
fundamentally tied to surface water flow (Scheid&agd961). The shallow water equations,
derived from the depth-integrated Navier—Stokesagqgas, have been widely used to compute
hydrodynamics in coastal regions where the watgebiotal length scale is much greater than

the vertical length scale (Vreugdenhil, 2013). $pedly, the shallow water equations consist
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of two conservation equations: 1) conservation agsnand 2) conservation of momentum.

Namely, in a one-dimensional (1-D) domain,

Conservation of mass: Z—Z + % =0, (12)
and
; Jou 0w oy el
Conservation of momentum: G tUS, =95, —97,=0 (13)

whereh is the water surface elevation = land surfaceatien ) + local water flow depthy
[L], thus h varies not only depending on the change in wagpttd but also the simultaneous
morphological changey is the flow velocity [LTY]; g is the gravitational acceleration [t}

x is the spatial direction along the 1-D domain fafid C is the Chezy’s friction coefficient.

3 Methodology

3.1 Numerical model

We used a 1-D version of the coastal eco-geomoogimmodel developed by
D’Alpaos et al.(2007) (hereinafter referred to as D-model) fooggin the interaction between
land and ocean without lateral water and sedimaré$, such as tidal channels. The D-model
integrates all the hydro-eco-geomorphologic comptnmtroduced in Fig. 1, including
sediment settling (Eq. 6), sediment trapping (Bgvé&getation organic matter production (Eq.
8), and sediment erosion due to tidal currents 8ggexcept sediment erosion due to waves
because the effect of waves in controlling theiapahd temporal variation of coastal marsh
evolution was well studied Hyuvall et al.(2019) andMariotti and Fagherazz2010), and
vegetation can significantly mitigate waves if thaves are not too strong, thus wave-induced

erosion is not a focus in this study. We focuse@amditions with regular semi-diurnal tidal

This article is protected by copyright. All rights reserved.



cycle and background SLR. For the representatioregétation biomass, the original D-model
included functions (e.g., Egs. 9 and 10) that agsaiinear relationship between annual
averaged biomass and the elevation relative to reearevel and considered different
responses dbpartinaand mixed vegetation species (see details in@e2)i. To have a
comprehensive understanding of the differenceB@tto-geomorphologic feedbacks under
different representations of vegetation dynamicesjmeorporated the nonlinear function (e.g.,
Eq. 11) into the D-model as well. For the compotatf hydrodynamics, the D-model uses an
approach similar to the kinematic-wave form thauases a balance between water surface
slope and friction in the momentum equation (EqQ.(DBAlpaos et al., 2007; Rinaldo et al.,
1999). The detail of the hydrodynamic componeméisrred to the supplementary information
Text. S1 and’Alpaos et al.(2007), and the detail for the sediment transpomponent is

referred to Section 2 above abDthlpaos et al.(2007).

3.2 Numerical Experiment

We used a 1-D transect based on a marsh platfang éhe Delaware Bay, USA, as a
prototype for our simulations (the black solid ling=ig. 3c). Marsh surface elevation in the 1-
D transect is at a level close to the mean higidstevel (MHTL, gray dashed line in Fig. 3c),
consistent with observations in Delaware Bay basethe CoNED coastal elevation database
(Danielson et al., 2016) and NOAA (National Oceamd Atmospheric Administration) tide
observations (NOAA, 2001), which indicates thatld@scape is at or close to an equilibrium

state under the current sea level conditions (Daakpet al., 2007).

This study simplifies the 1-D transect topograpkiybing a linear interpolation of the
observed topography (red line in Fig. 3c) as thigidand surface elevation for the numerical

experiments. The origin of the 1-D model domaipleced at the seaward boundary (x=0),
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whereas the upland boundary is located at x=L. W\atd sediment can only flow through the
seaward boundary with zero flux flowing through thand boundary. The current mean sea
level (MSL) is at -0.13 m above NAVDS88 (North Amean Vertical Datum of 1988), and the
averaged tide amplitude is about 0.8 m based oN®®A tide and current observation at
station Cape May, NJ [8536110] (the red star in Bi). We used a constant suspended
sediment concentration €20 mg/L) at the ocean boundary (x=0). The valu€xdalls at the
lower bound of the range of sediment concentraiged in the previous coastal eco-
geomorphologic modeling studies (e.g., Kirwan, \&falt et al., 2016). Thus, this study makes a
conservative prediction of coastal marsh changeustR. However, a comparable numerical
experiment with the same model settings but witigher suspended sediment concentration
(Co=100 mg/L) was also conducted, and the resultdedound in the supplementary

information (see Figs. S2 and S3).
[Approximated location of Figure 3]

In order to speed-up simulations to geomorpholdlyicalevant time scales, the
simulations adopted a morphological scaling fa@W®F, e.g.Lesser et al(2004); Roelvink
(2006); Zhang et al (2016)), which effectively asgs that changes in the topographic profile
over time scales smaller than the scaling factanataappreciably affect the flow field and the
eco-geomorphic dynamics. Hence, elevation changengputed offline by applying sediment
fluxes determined in a tidal cycle, assumed todyestant for a period of time equal to the MSF.
Thus, in this study, the simulations were run 00 years (consistent with the simulation time
in D’Alpaos et al.(2007) to make sure the landscape reaches anleguiti state) with a spatial

interval of 1 m and a time interval of 10 minutes fiydrodynamics in a single tidal cycle and
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MSF=50 for the eco-geomorphologic change of 50 tigeles. The same numerical settings

were applied to the M-model simulations in the dep@ntary information.

We designed several focused numerical experimerdisaracterize eco-
geomorphologic feedbacks under different represientaof vegetation dynamics and SLR
scenarios for the future 500 years. We adoptedctwmomonly used future global mean SLR
scenarios from global climate model predictions|uding (1) the relatively low SLR rate
(0.005 m/yr) (Da Lio et al., 2013; Ganju et al.280Kirwan & Temmerman, 2009; Spencer et
al., 2016) and (2) the relatively high rate of S{0R01 m/yr) (Ganju et al., 2020; Kirwan,
Walters, et al., 2016; Orson et al., 1985; Speatat., 2016). In addition, we considered three
different representations of vegetation dynamicpsses, such as tBpartinadominant linear
function, Spartinadominant nonlinear function, and mixed speciesdimfunction. Also, in
simulating vegetation organic soil production, wearporated two different rates of maximum
organic production rates: K}, = 0.003 m/yr, a commonly used maximum organic production
rate under current climate (Langley et al., 2009yi4 et al., 2016) and %), = 0.005 m/yr,

a larger maximum organic production rate, refléleésincrease of belowground biomass
productivity under elevated atmospheric 4®the future (Ratliff et al., 2015). Specifically
based on a comprehensive literature revieatliff et al. (2015found that biomass productivity
increased about 33% for a 400 ppm increase in gheok CQ. Here, we assumed a present-
day maximum organic production rate of 3 mm/yr. Binthe RCP 8.0 climate scenario (the
most ambicis future C£emission scenario), the G@quivalent levels was projected to exceed
1200 ppm, which means an additional 800 ppm wipeet to present (Hayhoe et al., 2017).

This leads to a future maximum organic productiate equal to 0.00498 m/sr 0.005 m/yr.
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Scenario details are listed in Table 1. The pararador these individual simulations are listed

in the fourth column in Table 2.

[Approximated location of Table 1]

3.3 Sensitivity analysis

There are many sensitivity analysis approachedablaito understand parametric
sensitivity of model behavior (s&ong et al(2015) for a detailed review). In this study, we
used a widely applied sensitivity analysis appro#od Fourier Amplitude Sensitivity Test
(FAST) technique (Cukier et al., 1973; Xu & Gertr@d11, 2008a). FAST is computationally
efficient and can be used for both nonlinear angtmonotonic relationships between
parameters and model outputs (Xu & Gertner, 20BABT uses a periodic sampling strategy to
assign a characteristic periodic signal for eaclampater. Within FAST, a Fourier
transformation is used to decompose the variano®oikel outputs into partial variance
contributions by individual model parameters basedhe assigned signals. The ratio of partial
variance contributed by a specific parameter tadked variance of a model output is defined as
the first-order sensitivity index to measure th@amance of each model parameter. The FAST
analysis has been incorporated into a software thelUASA ToolBox
(https://sites.google.com/site/xuchongang/uasamglby Xu and Gertner (2008k@nd
provides a rigorous way of defining, executing, andlyzing experiments for model

parametric sensitivity.

This study selected 11 common parameters thatlbeem used in many coastal eco-
geomorphologic models (see the list of the parars@teTable. 2). Based on this selection, the

UASA ToolBox was used to generate 1,100 groupsaddipeters for the model ensemble
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simulations to quantify the models’ individual pauetric sensitivities. The range of each
parameter is estimated based on our literatureeguamd empirical knowledge. However,
because there is not enough data to derive infovenptobability density distributions, we used

a uniform distribution for our sensitivity analysis

Model sensitivity is defined in terms of relevawniagtitative metrics describing the final
state of the system: 1) the difference betweeMH&L and the elevation at the seaward
boundary (MHTL minus elevation, hereinafter refdrte asDepth_n), 2) thedifference
between minimum and maximum elevati¢hereinafter referred to as elevation relief) from
each ensemble simulation under different scenaBjodpmain averaged sediment fluxes, 4) the
vegetation biomass at the seaward boundary, atiee %egetation biomass at the upland
boundary. Notably, the first metriDepth_m measures how the landscape elevation (at least
the seaward boundary) responds to SLR. While tbensemetric (elevation relief) measures
the difference of elevation at the seaward boundadyinland and possible inland depression

on the 1-D marshland.

[Approximated location of Table 2]

4. Results

4.1 Topographic evolution and sediment fluxes undettifferent SLR rates

4.1.1 Topographic change across individual simulains

We first used the twelve individual simulationsgea 1 to 12 in Table. 1) as examples
to compare the elevation change under differenétatipn equations for biomass estimation
and SLR scenarios simulated by the D-model overyg@®s (see Fig. 4). The corresponding

sediment fluxes at the end of the 500 years arstilited in Fig. 5. Domain-wide, the elevations
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in the cases with a higher maximum organic productate (k) (the first column in Fig. 4)

were higher than the elevation in the lowerdéses (the second column in Fig. 4). At the
seaward boundary, the relative locations betweevaébn and MHTL near the seaward
boundary in all vegetation-covered scenarios reathagonstant after 400 years’ simulation (not
shown at here) due to a balance between sedimeatsf(Fig. 5), which indicate that 1) the
elevations near the seaward boundary reached &aqewNibrium state under future SLR and 2)
the marshland near the seaward boundary kept pttehe rates of SLR. In contrast, the cases
without vegetation showed clear declines of el@ratiear the ocean boundary (gray dashed
lines in Fig. 4) due to erosion (the black line$ig. 5d and k) and lack of organic accretion
and inorganic trapping. The final elevations widgetation coverage reached the level of
MHTL (solid lines in Fig. 4), except in the high Bland low K scenario (Fig. 4c), where the
elevation was 0.2-0.3 m below the MHTL, and inlth& SLR and high Kscenario (Fig. 4b),
where the simulated marsh surface elevation wiemtixed-vegetation equation (hereinafter
referred to as mixed-veg case) was equal to the MbEtause the organic production rate is

equal to the SLR (see the sediment flux in Fig. 5j)

Moving landward, the marsh elevations declined tdue decrease in sedimentation rate
landward. Some of the marshland became totally sudpaal in water as the elevation was
below the final mean sea level (final MSL indicatsdthe blue dashed lines in Fig. 4). With a
higher K,, a shorter portion of the marshland was belowfitted MSL because a highenK
resulted in a higher organic sedimentation rateclvdominantly contributed to the accretion

rate at the upland area where inorganic sediment the ocean was restricted to this region.

High SLR caused a larger elevation relief up to(bigs. 4a and c), compared to the

low SLR scenarios that only had a maximum elevatibief of 0.48 m in the higherg<ase
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(Fig. 4b) and 2.85m in the lowemn€ase (Fig. 4d), respectively. Notably, in the loB&R
scenario with a higherd<the elevation only slightly declined landward l{&dines in Fig. 4b),
which means that the accretion rate domain-wideabanys keep pace with the rate of SLR as

illustrated in Fig. 5h, i, and j.
[Approximated location of Figure 4]

Different vegetation schemes also highlight différ@fluences on the topographic
outcomes. Among all the vegetation casesSihartinanonlinear case showed the highest final
elevation and the least elevation relief due tohilghest sedimentation rate throughout the
domain, particularly due to organic soil productinrihe middle and upper portions of the
transect. Elevation declined closer to the oceamdary in the mixed-veg cases than the
elevations witlSpartinadominant linear and nonlinear functions (heremafeferred to as
Spartinalinear case an8partinanonlinear case, respectively) (thick and thin klsalid lines
in Fig. 4). Notably, in the mixed-veg case undev BLR and high K (gray solid line in Fig.
4b), the elevation reached a level similar to theTV. This was because the vegetation growth
in the mixed-veg case is greater at lower inundagoels. Thus, vegetation continued growing
even when the elevation was at the same leveleoMiHTL. In theSpartinadominant cases,
the Spartinanonlinear cases showed the declines of elevatates closer to the seaward
boundary than the elevation decline in 8gartinalinear cases (black solid lines in Fig 4a, c,

and d).

The simulations with a higher suspended sedimemtartration in the ocean
(Co=100mg/l), a higher SLR rate (0.01 m/yr), and a highe(®005 m/yr) showed similar
profiles with the simulations under a lower suspehgediment concentration from the ocean:

the marsh elevation near the ocean boundary wae aimilar level with the future MHTL, and
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the marshland at the upland was drowning (seeS2gn the supplementary information) at the
end of the 500 years’ simulation. However, withighler sediment supply from the ocean, we
observed a longer portion of the marsh elevati®@dQ~m from the ocean boundary) can keep
pace with the increase of sea level, compared tivélelevation profile in the lower sediment
concentration cases. The high sediment concentratise also predicted less elevation relief
than that in the low sediment concentration cagetd@ higher sediment supply from the

ocean.

For the contributions of sediment fluxes to manmstilaccretion, in general, sediment
settling rate contributed more than sediment tragppate and organic production rate near the
seaward boundary (light blue lines in Fig. 5) invalgetation-covered cases, except the mixed-
veg cases (Figs. 5j and n) where the organic ptamucate was higher than the other fluxes.
This is because the mixed-veg case assumes thetlatieg can grow better under lower
inundation or no inundation conditions where veg@taorganic production always plays a role
in contributing to marsh accretion, but inorgarediment settling contributes less due to
limited delivery of sediment landward. Given thag elevation near the seaward boundary
accreted faster than the inland area, the inundalépth near the seaward boundary was
shallower than the inland, which provided a morefable condition for mixed vegetation

species to grow near the seaward boundary, reguitia higher organic production rate there.

Moving landward, the inorganic sediment settlinig naas still a dominant sediment
flux contributing to the accretion rate, except tases with a lower SLR rate and higher K
where the organic production rate was dominantpleumes in Figs. 5h, i, and j). The spatial
patterns of the sediment fluxes reflected the difie assumptions of the vegetation schemes.

For example, the patterns of fluxes were very diffie between the mixed-veg cases (the third
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row) andSpartinadominant case (the first and second row) dueddtfierent assumptions of
the favorable growth condition for vegetation. We ot observe erosion under this regular
tidal cycle and sea level rise condition in theetagjon-covered cases because vegetation

reduced water flow velocity and prevented erosiothese experiments.

[Approximated location of Figure 5]

4.1.2 Model parametric sensitivity from ensemble siulations

We explored the model parametric sensitivity repinésd by the ratio of individual
parametric variance to the total variance fromahgemble simulations across different

combination of parameters spanning wide rangelsexf values (see Table. 2).

4.1.2.1 Parametric sensitivity for topographic chage

For the sensitivity of modelddepth_m(defined as MHTL minus elevation in
Subsection 3.3) to parameterization (Fig. 6a), teggm-related parameters showed a larger
influence orDepth_munder the higher SLR rate scenarios (e.g., teetfiree columns in
Fig.6a). While, under the lower SLR rate scenatios sediment-related parameters, especially
the “sediment concentration”, were the dominanapeaters (the last three columns in Fig. 6a).
For the different vegetation dynamic schemes, thedrveg cases were highly sensitive to the
“maximum organic production rate” indicating thleDepth_mwas highly dependent on the
organic matter production rate regardless of ttesraf SLR because some species in the
mixed-veg cases can grow under more prolonged ifigocbndition, and the other species are
adapted to less frequent and prolonged floodinglitimm, such that the vegetation processes
can contribute to sedimentation in all conditionhile, in theSpartinadominant cases, the

vegetation can only grow under more prolonged flogaondition driven by SLR and tide.
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Thus, the parametric sensitivities in Bpartinalinear and -nonlinear cases (the first, second,
fourth, and fifth columns in Fig. 6a) were conteallby the inundation condition, the sediment
settling, and vegetation processes and did noepteshuge difference among parameters,
compared to the mixed-veg cases. The relativelyeraensitive parameters are “maximum
organic production rate”, “maximum biomass”, “watkpth for plant growth”, “sed
concentration”, and “critical shear stress for dafion”. Among these parameters, the
“maximum organic production rate” was the most gamsparameter in the high SLR scenario
(the first and second columns inf Fig. 6a). In castt, “sediment concentration” was the most
sensitive parameter in the low SLR scenarios (@t and fifth columns in Fig. 6a). This is
because the high rate of SLR has a larger potdnt@duse a higher inundation condition by

high tides, a favorable condition fS8partinato grow. Therefore, the vegetation effect had a

larger contribution to sedimentation than the dbation from vegetation in the low SLR cases.

For the sensitivity of elevation relief, in the hi§LR scenario (the first, second, and
third columns in Fig. 6b), the model simulationg&more sensitive to “sediment diffusivity”,
an important parameter in the sediment diffusiama¢ign that controls how much sediment
could diffuse landward. “Tide amplitude” was alsee®f the most sensitive parameters in the
Spartinalinear and -nonlinear cases. The vegetation-relpsgameters showed relatively low
sensitivity under the higher SLR rate (the firstl aecond columns in Fig. 6b), which means
that the elevation relief was more dependent on maxeh sediment can transport landward and
deposit under a high SLR rate. However, in the ohixeg case, the “maximum organic
production rate” along with “sediment diffusivityiere the most sensitive parameters, which
reflects the tolerance of the growth of mixed vageh species in different conditions. For the

lower SLR scenario (the fourth to sixth columnkg vegetation-related parameters showed
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higher sensitivity, which means that the vegetafimtesses were more dominant to the change
of elevation relief, especially for ti&partinalinear and nonlinear cases under a low rate of
SLR. The values of sensitivity for each parameterdch scenario can be found in Tables S1

and S2.

[Approximated location of Figure 6]

4.1.2.2 Parametric sensitivity for sediment fluxes

The parametric sensitivities of sediment fluxestwlel parameterization are similar to
corresponding vegetation cases under both SLR sosnkor example, th8partinalinear
cases (the first to third columns in Fig. 7a amst fio third columns in Fig. 7b) under both the
high and low SLR scenarios show a similar paramsgnsitivity for each corresponding

sedimentation processes.

Specifically, for the sediment settling procesktha cases (the first, fourth, and seventh
columns in Fig. 7a and the first, fourth, and sév@olumns in Fig. 7b) were most sensitive to
the “maximum organic production rate”, which mayldeeause the organic production
influences elevation changes that indirectly cdrdealiment settling process. Besides the
“maximum organic production rate”, the model sintiolas were also sensitive to some
sediment settling-related parameters, such asrfeediconcentration”, “settling velocity”, and
“critical shear stress for deposition”, which ane key parameters directly control sediment
settling process. For the organic soil productigivégetation, all the cases (the second, fifth,
and eighth columns in Fig. 7a and the second,, fdtid eighth columns in Fig. 7b) were most
sensitive to the “maximum organic production rathg key parameter in organic soil

production process. For the sediment trapping pdée sensitivity was almost evenly
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distributed for each parameter because sedimdtihgesediment diffusion and advection, and
vegetation all influence sediment trapping, howetrex parameters of “sediment diffusivity”
and “sediment concentration” that control the dsttion of sediment concentration showed
slightly higher sensitivity. The values of senstiifor each parameter in each scenario can be

found in Tables S3 and S4.

[Approximated location of Figure 7]

4.2 Vegetation dynamics with the change in surfadepography

4.2.1 The spatial and temporal variation of vegetadn biomass from individual simulations

The different formulations for vegetation growthré@sponse to inundation conditions
(illustrated in Fig. 2) lead to distinct patternsuiomass distributions and marsh response to
tidal and SLR induced flooding. Figure 8 showeddpatial variation of vegetation biomass at
the end of 500 years in the simulations under ifierdnt vegetation dynamic schemes, rates of
SLR, and Ks. In general, the spatial patterns of vegetatiomhss corresponded to the marsh
elevation profiles in Fig. 4. For example, the komas of dramatic declines of vegetation
biomass in the high SLR scenarios are well-aligngd the topographical depression area in
Fig. 4a and c. In this low-lying region, the maed@vations approach an unfavorable inundation
condition for vegetation growth with high pondinguer detrimental to vegetation growth. In
contrast, the vegetation biomass even increaselvim in the lower SLR and highep K
scenario because the entire domain kept pace mtBLR rate, and the inundation condition
was still within the vegetation’s growth range (e elevation profiles in Fig. 4b). Notably,
the vegetation biomass of the mix-veg case reaith@daximum biomass across the entire

model domain (the gray dashed line in Fig. 8). Heavewith the lower I, the simulation
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shows an abrupt decrease when the marshland waserydd in water (Fig. 8d), similar to the

final biomass profile in the high SLR scenarios.

For the mixed-veg cases, despite the differentilmes of the abrupt decreases, they
showed similar patterns under the lower(Kig. 8c and d), but different responses under the
higher K (Fig. 8a and b). In the low SLR condition with thigher K, (Fig. 8b), the mixed
vegetation biomass was relatively uniform and dyeatceeded the linear and non-linear single
species simulations across the entire model do(tta@ngray dashed line). In contrast, under the
high SLR and higher iscenario (Fig. 8a), the mixed vegetation biomaspamed the single
species within ~100 m from the seaward boundaryth®an rapidly decreased landward of this
location to zero. Th8partinalinear and -nonlinear formulations increased apionately
linearly and then decreased to zero at furthettimea landward, compared with the mixed-veg
cases. Th&partinanonlinear cases showed a higher estimated vegetaibmass than the
biomass in th&partinalinear cases, but the biomass started to decteasro closer to the
seaward boundary in ttf&partinanonlinear cases, which reflected the nature ofitfierences

in the assumptions in the vegetation equations.
[Approximated location of Figure 8]

In order to examine the temporal evolution of bismacross the marsh, we plotted the
time series at three locations: the seaward boynedad 100 m and 400 m landward of the
boundary (Figure 9). Across the 12 simulation catbestemporal evolution of biomass may be

divided into three stages, though not all stagegpeagsented at all locations or every scenario.

Rapid change characterizes the first stage. Wealektteption of mixed vegetation
(Figure 9 ¢, f, i, and I), all locations exhibitegpid increases in biomass for the first 100 t0 20

years of the simulation. During the second stagenass continued to adjust but at
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significantly slower rates than the first stagee3é adjustments are seen at the seaward
boundary and 100 m locations in tBpartinalinear simulations under both SLR forcings and
Ky values (orange and cyan circles in Figure a, dnd,j) andSpartinanonlinear simulations
(orange and cyan circles in Figure 9b, e, h, andkjramatic exception to the gradual
adjustments in Stage 2 is the 400 m location irSipertinalinear and -nonlinear rapid SLR
scenarios (green circles in Figs 9a, b, d, andhé)lae low K scenarios (green circles in Figs.
9d, e, |, and k) in which biomass rapidly dropskbtaca value of zero between 100 and 300

years.

The third stage is the period when a system eatetable state or equilibrium state,
which indicated that a new equilibrium or quasidéhium state was reached under the new
rate of SLR. Examples of this stability include timeited changes in vegetation biomass near
the seaward boundary and at the 100 m locatioah the cases. This is because the vertical

accretion rate at these locations in all the cabkeays kept pace with the rates of SLR.

Throughout the entire vegetation evolution proctesSpartinalinear and -nonlinear
cases predicted higher vegetation biomass at tdaiém 100 m from the seaward boundary and
lower vegetation biomass near the seaward bounGaryersely, the mixed-veg cases
predicted a higher vegetation biomass near theagedwoundary and lower vegetation biomass
at the location 100 m from the seaward boundaris difference demonstrated the difference
in the assumption of favorable inundation condgianthe single-species and mixed-species

vegetation equations.

[Approximated location of Figure 9]
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4.2.2 Parametric sensitivity for vegetation dynamis

After analyzing the spatial and temporal variatbdivegetation biomass change, we
computed the sensitivity of biomass estimatiorhatdeaward boundary and upland boundary to
model parameterization based on the ensemble diongaThe biomass estimations were more
sensitive to the vegetation-related parametergasipy the parameters of “maximum organic
production rate” and “maximum biomass” (Fig. 109r Ehe vegetation biomass at the upland
(the second, fourth, and sixth columns in Fig. 40d b), “maximum organic production rate”
and “maximum biomass” were the two most dominanapeters that control the estimation of
biomass. However, the vegetation biomass nearetheard boundary was also sensitive to
sediment settling-related parameters. Specificallyhe higher SLR scenario, the biomass
estimations near the seaward boundary (the first],tand fifth columns in Fig. 10a) were also
sensitive to all the other parameters, except #énarpeters for erosion (e.g., “erosion
coefficient”). In contrast, in the low SLR scenarilbe most sensitive sediment settling-related
parameters were only “sediment concentration” asdtling velocity” in theSpartina
dominant cases (the first and third columns in E@p). The vegetation biomass estimation
near the seaward boundary in the mixed-veg casengas sensitive to “maximum biomass”
and “maximum organic production rate” than the pesameters. The values of sensitivity for

each parameter in each scenario can be found ileg85 and S6.

[Approximated location of Figure 10]
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5 Discussion

5.1 Coastal marsh vulnerability under acceleratindSLR

5.1.1 Will coastal marsh survive under future SLR?

Our numerical experiments examined the spatialt@mgoral variation of coastal marsh
evolution under three different representationgagfetation dynamic processes. The results
presented similar features of final elevation pesfunder the three vegetation schemes: 1) the
elevation near the seaward boundary kept pacehwiththe high and low SLR rates (e.g., 0.01
m/yr and 0.005 m/yr) and the high and low(R.005 m/yr and 0.003 m/yr), even with a
conservative sediment concentration (e.g=20 mg/L) at the seaward boundary (Fig. 4) and 2)
the elevation landward declined and part of it dred/in water for the high SLR scenarios and
low SLR with low Ko. The elevation near the seaward boundary stastaggroach a new
equilibrium state under the rising SL conditionsiard 100 years (e.g., the cyan circles in Fig.
9a, b, d, e, g, h, j, and k), which was consistétit the findings in previous studies (D’Alpaos
et al., 2011; Kirwan et al., 2008; Kirwan, Temmennet al., 2016; Kirwan & Temmerman,
2009; Temmerman et al., 2003; van Wijnen & Bakké&Q1). This pattern of lower accretion
rates in the interior of marshes has been prewalmstumented in both modeling (D’Alpaos et
al., 2007, 2019; Kirwan, Walters, et al., 2016; gston et al., 2020; Marani et al., 2013;
Mariotti, 2016; Ratliff et al., 2015; Thorne et,&018) and field studies (Friedrichs & Perry,
2001; Palinkas & Engelhardt, 2019; Schepers eR@l7; Temmerman et al., 2003).
Eventually, the interior marshland died-off andhiedt into water pools as shown in Fig. 9

(especially the temporal change of biomass at @9e location) Schepers et a(2017) also
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reported that the size of water pools would exganaugh time, influencing the connectivity

between marshland and channels.

Under climate change, if the maximum organic smldoiction rate (k) increases to a
similar level as the rate (0.005 m/yr) used in gtigly due to the increase of temperature and
COz in the future the spatial and temporal variations of vegetalimmass are relatively small
and vary within the vegetation growth range (F&isand 9g, h, and i) under the lower SLR
rate (0.005 m/yr). Based on these results, a SLIRGE5Sm/yr does not appear to threaten the
survival of coastal marsh systems characterizetthdse types of vegetation on a 500-year
scale. However, for agdate commonly observed today (0.003m/yr), all3h& scenarios
showed clear declines of surface elevation startgay the middle or upper of the domain
(solid lines in Fig. 4a) and continuing to the uq@doundary illustrating that the accretion rate
at the inland portion of the coastal marsh caneepkpace with the future SLR rates. These
inland areas turned into open water habitats wigigradation and marsh vegetation mortality
occurring after 200-300 years in these locatiomgs(Ba and 9a and b), which may lead to the

change of coastal marsh ecosystem functions anlogical regime shift (Ganju et al., 2020).

The simulations above used a conservative sediooewentration rate from the ocean
boundary (G=20 mg/L), which limited the delivery of sedimeantward under the high SLR
rate, resulting the drowning of upland marsh. Hosvein our simulations with a higher
sediment concentration from the oceap=ID0 mg/L), more sediment entered the domain and
improved the potential for survival of coastal nidasd under a high rate of SLR. However,
simulations with the higher sediment concentratletayed, but didn’t prevent upland
submergence, which further demonstrated that doastish is largely vulnerable under the

high rate of SLR (0.01 m/yr) (see Figs. S2 andr8B& supplementary information). A
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microtidal regime (tidal range =1.6 m) was usethmindividual simulations. However, the
elevation profile would be subject to change un@erous tidal conditions because different
tidal conditions would cause different inundati@mditions that would results in distinct marsh
vertical accretion. The role of different tidal neg in controlling marsh evolution was also
demonstrated by our ensemble sensitivity analygigre wedentified the “Highest tide

amplitude” as one of the most sensitive paraméterslevation relief (e.g., Fig. 6b).

5.1.2 Marsh vulnerability due to vegetation represetation

The experimental cases with different vegetatidrestes consistently predicted coastal
marsh vulnerability under future SLR. Under a conatve sediment concentration from the
ocean (@=20 mg/L), at the seaward boundary, marsh elevaioenetion should keep pace with
future SLR, regardless the rate of SLR and/&lues. Landward, the inland part of the coastal
marsh was resilient under the lower rate of SLRABm/yr) and simultaneously with the higher

Kby, but potentially vulnerable to collapse under higte of SLR or with the lower K

Our simulations also highlighted marsh responsedeeased ponded water depth under
future SLR. The mixed-veg scheme was the mosteasgcenario under the lower SLR and
with the higher s (gray solid line in Fig. 4b): the marsh accretiaterwas equal to the SLR
rate throughout the entire domain due to less iatiod condition and high organic soll
production rate. However, the mixed-veg schemetivasnost vulnerable scenario under the
higher SLR or with the lower i{see the mixed-veg cases in Figs. 4 and 8): thiendeaf
marsh elevation started closer to the seaward l@yrtiie to unfavorable high inundation
conditions for vegetation growth. Except for thexed-veg case under the lower SLR and
higher K, theSpartinanonlinear scheme was the most resilient scheraét gases—it

predicted the largest elevation increases througiheudomain, the least elevation depression
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(Fig. 4), and the highest vegetation biomass (Frig-Bese most resilient predictions from the
Spartinanonlinear treatment were attributed to the assiommf the nonlinear relationship
between vegetation biomass and inundation condiffegetation biomass reaches its peak
when the inundation depth is at the middle levelear the middle level of the vegetation
growth range (defined by the,Bhaxand Dhiomin) and does not have to be at the highest
inundation level, compared with ti&partinalinear scheme. However, we also found that the
elevation and vegetation biomass started to deem@daser to the seaward boundary in the
Spartinanonlinear case, compared with tBeartinalinear case, which implies that the
Spartinanonlinear case predicted a bit higher unvegetategetated marsh ratio (UVVR) as

defined inGanju et al. (2017)

In addition, our simulation depicted the evolutmfrvegetation biomass with the
evolution of marsh landscape (Fig. 9), reflectiogne of the plant life-history traits (Schwarz et
al., 2018). The vegetation biomass of our studiadsiiand varied through different trajectories
at the seaward boundary, mid-marshland, and trend@Fig. 9). In general, vegetation
biomass at the seaward boundary and mid-land rdahequilibrium state at around 100-200
years and dropped dramatically at the upland vki¢hdrowning of marshland, revealing the
different vegetation responses at different locatmboundary drivers and geomorphological
change. Notably, the mixed-vegetation scheme piedlibat vegetation landward would die
out quicker under the high SLR rate (Fig. 9c) ti@vegetation in the other vegetation cases.
The similarity and distinction of vegetation evadut represented by the different vegetation
schemes can potentially describe different vegatatolonization behaviors and cross-species

competition during the evolution of coastal maShA{paos et al., 2019; Schwarz et al., 2018).
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5.2 Implication to data-model integration and future coastal eco-geomorphologic modeling

Our sensitivity analysis captured the overall pagtiim sensitivity of the eco-
geomorphologic processes in the model and higldadyhbw different representations of
vegetation dynamics and SLR conditions affect gn@metric sensitivity. We found that the
“sediment concentration” and “tidal amplitude” &he most sensitive parameters for coastal
marsh evolution, which are in agreement with theifigs in prior studies (D’Alpaos et al.,
2007; Kirwan et al., 2010; Kirwan, Walters, et @a016; Temmerman et al., 2003). More
importantly, this study also identified additioqelrameters that are highly sensitive for the
spatial and temporal variations of key landscaeastteristics, such as 1) tBepth_m(depth
between MHTL and marsh elevation at the seawarddbny), 2) elevation relief, 3) averaged
sediment fluxes, and 4) vegetation biomass neasg¢beard boundary and at the upland. These
parameters include “sediment diffusivity”, “maximuwrganic production rate”, and “maximum

biomass”. Thus, this sensitivity analysis highlgtie need for future modeling and field

observations to better measure and parameterige tumtrols on marsh evolution.

In particular, our sensitivity analysis identifidte parameter of “sediment diffusivity”
as one of the most sensitive parameters for pradiatarshland evolution, especially
controlling elevation relief, which implies the impance of hydrodynamic process that brings
water and sediment landward and back to oceanoidh the evaluation of coastal
hydrodynamics is outside the scope of this studyoad representation of coastal
hydrodynamics as a function of coastal boundarylitmm (e.g., tide and wave), topographic
gradient, and vegetation effect (e.qg., influensogace roughness) is critical for predicting
sediment budget accurately and is worth deepestigation in future modeling studies (Best et

al., 2018; Duvall et al., 2019).
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5.3 Representativeness of the model simulations

In this study, we selected the parameter valuestendates of SLR that were widely
used in previous modeling studies or were estaddish the literature from field measurements
to ensure that the simulations were realistic @pdasentative. Additionally, the formulations
used to represent the dominant processes werdeskfeam broadly used sedimentation,
erosion, and vegetation dynamic equations. Thesinttividual simulations should reflect
current model capabilities and formulations usedrtderstand process interactions and marsh
response to SLR. Based on the ensemble simulati@ngenerated a large number of
parameter samples for the sensitivity analysissTthe results of the sensitivity analyses
reasonably reflected the overall sensitivity of thedel processes over their physical parameter

ranges.

To further demonstrate that the D-model approdyiataptures the behavior of coastal
evolution under SLR, we conducted some of the seimalations by using another well-
established coastal eco-geomorphologic model dpedlbyMariotti and Fagherraz(2010)
(hereinafter referred to as M-model). Similar te irmodel, the M-model integrates all the
hydro-eco-geomorphological components introducegign 1, including sediment settling (Eq.
6), sediment trapping (Eq. 7), vegetation orgaratten production (Eq. 8), and sediment
erosion due to tidal currents (Eq. 3), as welleiraent erosion due to waves (Eq. 4). To make
the simulations by the D- and M-model comparablke tuwned off the process of erosion due to
waves in the M-model, but kept the process of erodue to tidal currents. For the
representation of vegetation biomass, the M-modil imtegrated th&partinadominant
nonlinear function as the original model was depetb An introduction to the M-model may

be referred to the Text. S2 in the supplementaorimation andviariotti and Fagherazzi
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(2010), and its simulation results can be founBigs S4 to S8. The simulations from the M-
model showed consistent topographic outcomes agetagon biomass distribution with the D-
model simulations under different rates of SLR &pdrtina-nonlinear scheme (M-model only
uses the Spartina-nonlinear scheme) (see Figa S#)t The simulations from the M-model
also identified similar most sensitive parameterdifferent scenarios. For example, the
sensitivity ofDepth_min the M-model to vegetation-related parametess aicreased with the
SLR rates. The most sensitive parameters for etevatlief under the higher SLR were also
“sediment diffusivity”, “sed concentration”, and ighest tide amplitude”. The “maximum
organic production rate” was a more dominant patanfer elevation relief under the lower

SLR. Meanwhile, the most sensitive parametersddimsent fluxes and vegetation biomass

were also the “maximum organic production rate” amdximum biomass”.

Both the D- and M-models predicted the elevatidieref marshland under the higher
SLR (0.01 m/yr) was up to 2.5 to 5 meters (Figsada 4c and Fig. S4). This is an
accumulative effect of the different accretion rfagéween the marsh near the ocean boundary
and the interior marsh over the 500-year scalechvieflected the model behaviors under
different process representations, parametersegednal drivers. It also highlighted the
transition zone between more resilient marshlaraa thee river/ocean boundary and more
vulnerable interior marsh. Future work is neededdialate the reality of this transition zone
with a better field measurement of sedimentati@getation biomass, and other marsh

accretion-related parameters in these areas.

5.4 Uncertainties and future work

We used two maximum organic production rates (0908 and 0.005 m/yr) in the

individual simulations in this study. The formeremzwas adopted from the previous studies by
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Langley et al. (2009) and Morris et al. (2016presenting an averaged value of the maximum
production rate under the present climate condifldre latter one was calculated based on
Ratliff et al (2015) and the adoption of the IPCC highest €Rission scenario (Hayhoe et al.,
2017), reflecting an increase of vegetation bel@mngd organic production rate under a
warming climate. The use of both rates illustrateztiel parametric sensitivity and the role of
organic sedimentation in controlling future martvation change. However, there are still
some uncertainties that may affect the organicycton rate under a warming climate. On the
one hand, the models did not consider the increBseganic soil decomposition rate under the
warming climate, which could be comparable or evigher than the organic production rate
(Kirwan & Blum, 2011; Langley et al., 2009Dn the other hand, it is possible that the soil
organic decomposition rate won't increase muchtdube constraint from soil aeration level, a
factor controlling soil organic decomposition (Roeeal., 2016; Silvestri & Marani, 2004).
Therefore, the balance/imbalance between orgaiiprasluction and decomposition will be
the key to a better understanding of organic areéh coastal marsh evolution. Thus, future
work should focus on better quantifying the orgaatgcretion components (organic soil

production and decomposition), as well as the dsiaad limits that control these components.

Our sensitivity analysis showed the importancensXimum biomass” and “organic
production rate” for the prediction of marshlandweltion changes. Within most of the current
eco-geomorphologic models, they are fixed throumgie t However, future climate changes,
higher temperature and G@onditions might change the value of these paramsgradually in
the evolution process. Therefore, to improve theglgtion accuracy, it is critical to have
process-based models that can incorporate the tropaadynamic future climate on vegetation

production and litter decomposition through time.
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The simulations used a no-flow boundary conditibtha upland boundary, which
limits the water and sediment supply from uplardaeugh upland surface and subsurface
environments. An appropriate consideration of ty@rélogic and geomorphologic connectivity
with the upland region may improve the flexibild§ our test model in realistically representing
a wider variety of settings, in terms of the rel@vaydrodynamic and sediment transport
processes (Wohl et al., 2019; Zhang et al., 26)ecially for intertidal areas receiving water
and sediment from both riverine and ocean souB&sghauf et al., 2014; Kirwan, Walters, et
al., 2016; Wolfram et al., 2016; Yousefi Lalimiadt, 2020). Also, water and sediment fluxes
from tidal channel to marshland were not considang¢tiese 1-D simulations. Tidal channel
can compensate for the spatial discrepancy in sadiaccretion by routing water and sediment
from upstream to the coastal area or from the obeandary to the upland (Belliard et al.,
2016). At the seaward boundary, the models usestaonsediment concentration in
rivers/ocean, while variability in this concentaaticould contribute to the uncertainty in
predictions of the accretion rate on coastal matsineaddition, a more precise estimation of
sediment concentration in the aquatic systems mgusgh resolution field measurements or a
high-resolution, process-based coastal ocean mauldtl improve the predictive capability of

coastal marsh eco-geomorphologic models (StumiB3;18emmerman et al., 2003).

6 Conclusion

We used a coastal eco-geomorphologic model wiflergifit vegetation dynamic
representations to investigate eco-geomorphol@gdidacks on the coastal marsh and changes
in model parametric sensitivity under various fet®LR conditions. We conducted model
simulations by using a standard set of test cagléscansistent model settings and parameters.

This study explored coastal marsh evolution unddt 8ot only from the domain averaged
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features, but also from the spatial and tempomahtians of key landscape characteristics, such
as the elevation relief and biomass at the sealb@rddary and upland. We found that
evaluating the spatial and temporal coastal marstugon under different representations of
vegetation dynamic process provides new insightetter understanding the uncertainty of
predicting coastal marshes vulnerability facingifataccelerating SLR from different process

representations.

Qualitatively, the three vegetation dynamic sche(Bgsirtinalinear, Spartina
nonlinear, and mixed-vegetation linear equatiomsjipce consistent evaluations of the
vulnerability of the coastal marsh under high and ELR rates. However, tigpartina
nonlinear scheme predicted the highest vegetatmmdss and organic production rate,
yielding the highest accretion rate and elevatexept for the mixed-veg case under the low
SLR. The mixed-veg case represents the most nasrharsh type under low SLR with high,K
but is the most vulnerable case under high SLRefixthe mixed-veg case under the low SLR,

all theSpartinalinear cases predicted the largest marsh extehsenallest open water area.

The sensitivity analysis study identified the pagtens whose values most critically
affect model outcomes under different SLR condgioFhe parametric sensitivity of the eco-
geomorphologic models (e.g., the D- and M-modetlusehis study) were not the same under
the high and low SLR conditions. For example, tlesihsensitive parameter, such as the
maximum organic production rate, in the simulatimaler the high SLR, was not the most
sensitive parameter in the low SLR scenario. Tifferdnces in parametric sensitivity

highlighted the importance of evaluating parametensitivity under different external drivers.

The identified most sensitive parameters can hdtpmn how to appropriately model

key processes in different coastal marsh landsaapesr SLR and vegetation evolution. These
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identified key parameters under different climdtartge conditions can also serve to inform

future field measurements studies.
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Table 1. The numerical experiment cases for thizighall simulations.

Spartina-dominant | Spartina-dominant Mixed species
linear function nonlinear function linear function
High SLR rate
(0.01 m/yr) and Case 1 Case 2 Case 3
High Ky
(0.005 mlyr)
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Low SLR rate

(0.005 m/yr) and Case 4 Case 5 Case 6
High Ko
(0.005 miyr)

High SLR rate

(0.01 m/yr) and Case 7 Case 8 Case 9
Low Kp

(0.003 m/yr)

Low SLR rate

(0.005 m/yr) and Case 10 Case 11 Case 12
Low Kp

(0.003 mlyr)

Table 2. Key hydro-eco-geomorphic parameters usélgei individual simulations and parameter ranges

used for ensemble simulations in the sensitivitglysis.

Parameter Symbol in the Individual
Processes Range References
description D model simulation
(D’Alpaos
etal.,,
Erosion coefficient [2.00E-09, 2007:
ke a 1.12E-04
(mzsPa) 4.12E-04] Mariotti &
2010)
(Thompson
Critical shear stress
Te [0.03, 2] 0.4 etal.,
for erosion B,)
2004)
(Parchure
Critical shear stress
Sedimentation T4 [0.05, 2] 0.1 Trimbak
for deposition P,)
M. &
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Mehta

Ashish J.,
1985)
Sediment
concentration at (Kirwan et
Co [1, 800] 20
seaward boundary al., 2010)
mg
(irer
Suspended sediment (Brush Jr.
L Sedgifr [0.005, 1] 0.3
diffusivity (T) 2012)
_ . (Riazi &
Sediment settling [5.00E-05,
Wy 1.00E-04 Turker,
velocity (?“) 6.00E-04]
2019)
(Morris et
al., 2016;
Belowground
_ _ 0.003 Mudd et
organic production K, [0, 0.0135]
. and 0.005 | al, 2010;
(o)
Ratliff et
al., 2015)
(National
Ocean
Forcing Tidal amplitude (m) AmpTide [0.1, 4] 0.8
Service,
2018)
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Minimum depth
(Morris,
between MHTL and Dpiomin [0, 0.1] 0.1
2006)
land surface (m)
Maximum depth
Biomass (Morris,
between MHTL and Dpiomax [0.8, 0.95] 0.8
2006)
land surface (m)
Maximum biomass (Mudd et
. Bmax [0, 3000] 2000
(s al., 2004)
. (D’'Alpaos
Hydro- Chezy coefficient
os CHI 10 10 etal.,
dynamics )
s 2007)
_ (D’Alpaos
Maximum water
Upnax 0.2 0.2 etal.,
velocity )
2007)
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Ocean drivers
(Saltwater, Tide, Wave,

Vegetation biomass * > Storm Surge, SLR)
[ \ / |
Organic soil Sediment )
: i Erosion
production deposition

l

Marsh elevation
> relative to sea level

Figure 1. The linkage of hydro-ecogeomorphologimponents in coastal marsh systems. The words in
red and blue describe the components and seditngasf respectively.
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Figure 2 The dynamics of vegetation biomass unitffareint marsh inundation depth normalized by the
vegetation growth range boundedMWTL — Dy;omin @NAMHTL — Dyiomax- MHTL represents the
mean highest tide levaly;ymar @NAdDyiomin are the highest and lowest inundation depth b L,
respectively.
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Figure 4. Elevation profiles after 500 years siriataby the D-model from the seaward boundary (s ax
= 0 m) to the upland boundary (x axis = 500 m)(&rthe higher rate of SLR and higheydCenario, (b)
the lower rate of SLR and highep Kcenario, (c) the higher rate of SLR and lowgsé&enario, and (d)
the lower rate of SLR and lowen,lscenario. The black dashed lines show the irgtalation profile
(0.67 m above NAVD88 datum). The thicker and thirislack lines indicate the simulated elevation
profiles by using Spartina dominant linear equatiod Spartina dominant nonlinear equation,
respectively. The gray solid lines are the elevegimofiles by using the mixed vegetation linearaton.
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Figure 5. Spatial distribution of the sediment #axat the end of 500 years in the D-model simuliatio
The plots with various colors represent differénxés in different scenarios.

(a) Depth_m (b) Elevation relief
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Sed concentration
® Settling velocity g
% Critical shear stress for deposition 0.03 =
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£ Erosion coefficient 0.057 %
a Highest tide amplitude 0.029 -
Max water depth for plant growth 0.031 %
Min water depth for plant growth 0.044 E
Maximum biomass 0.027
Maximum organic production rate Low
o

Scenarios Scenarios

Figure 6. Parametric sensitivity of elevation chafrgm the D-model simulations under (a) high SLR
scenario and (b) low SLR scenario. The colors mt@ienodel sensitivity with a high sensitivity coded
dark blue and low sensitivity coded in light bld#e values in each grid represents the sensitifitiie

model to the corresponding parameter and simulatce.
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Figure 7. Parametric sensitivity of the sedimemtdls from the D-model simulations under (a) higiRSL

scenario and (b) low SLR scenario. The colors tgienodel sensitivity with a high sensitivity coded

dark blue and low sensitivity coded in light bldée value in each grid represents the sensitifith®
model to the corresponding parameter, flux, andikition case.
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Figure 10. Parametric sensitivity of vegetatiomiégs from the D-model simulations under (a) higR SL
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model to the corresponding parameter, biomasssiamaation case.
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Parameters

(a) Depth_m (b) Elevation relief

Sed diffusivity | 0.066| 0.026| 0.013| 0.033| 0.069

Sed concentration ! 0.329 0.179

Settling velocity m 0.144

Critical shear stress for deposition
Critical shear stress for erosion
Erosion coefficient

Highest tide amplitude

Max water depth for plant growth
Min water depth for plant growth

Maximum biomass 0.171
Maximum organic production rate [ EONE:T4
Q‘\
el
\;5\' \*
& XN
& f,,v$0

Scenarios Scenarios
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Parameters

(a) Rate of SLR =0.01m/yr

Sed diffusivity |0,

.039(0.031 [©

0.018|0.021|0.106 0.1

(b) Rate of SLR = 0.005m/yr
0.036(0.007 (024 0.055

0.006(0.049]0.049[0.048[0:182|

Sed concentration [0.126(0.039 [I8[:Z40.069 |0.042 [0F-7£40.048|0.048|0.027| |0.034(0.015 0.089(0.023 0.032| 0.05

Settling velocity (0.108/0.019 0.017|0.102 0.019|0.031| 0.1 |0.049|0.032| |0.042|0.024|0.055|0.102|0.021 0.046

Critical shear stress for deposition [0.119/0.021 0.1 [0.016(0.058/0.096|0.069| 0.06 | |0.101|0.034|0.068|0.099/0.033 0.118
Critical shear stress for erosion |0.098/0.021 0.061(0.024|0.057 (0.033|0.061 0.064 0.041 0.053(0.082|0.034 0.019
Erosion coefficient |0.028/0.013|0.072|0.013|0.015(0.043(0.019(0.061 (0.024| [0.038| 0.02 |0.066| 0.03 (0.012|0.057|0.052|0.0380.046

Highest tide amplitude |0.0650.021 0.079(0.041|0.063|0.047|0.122|0.053| |0.044/0.042|0.087/0.075|0.043|0.099/0.065|0.025|0.037
Max water depth for plant growth |0.009|0.066 [0.058/0.028|0.057|0.049|0.037 0.0370.073| |0.023|0.053|0.098|0.029|0.014 0.076|0.068
Min water depth for plant growth [0.015(0.111 0.026|0.131]0.125(0.029| 0.05 (0.068| [0.045| 0.06 (0.086/ 0.05 | 0.08 0.071|0.045
Maximum biomass [0.078| 01 0.07 |0.086| 0.1 |0.035(0.073|0.045 0.086
Maximum organic production rate [¢ 0 0.053 [ZEZNEYIN0.095 [oket:130) 0.336
>
§ § &8 5 § § 5 § & F § §&§ 5 5 &5 5 8
%] 5 & v 3§ & o 3 & %] § & & 5 T o s &
A A U SR~ Y S Y S
$7 587587 875887
S 6 f T o s o S0 2 5 o =5
U < < < T ~ & <
s 5§ 8 & s § g &
s 9 S s 9 S
o o
@ oo
2 2

Fluxes in different scenarios

Fluxes in different scenarios
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Parameters

(a) Rate of SLR =0.01m/yr

(b) Rate of SLR = 0.005m/yr

Sed diffusivity | 0.071| 0.033 | 0.067 | 0.033 [M] 0.05 0.051| 0.019| 0.054| 0.011| 0.046| 0.043
Sed concentration 0.034 [ORLEN 0.028 ¢ 0.04 0 0.04 WY 0.031| 0.034| 0.033
Settling velocity 0.022 | 0.052| 0.022 0.016| 0.106| 0.024| 0.017| 0.019
Critical shear stress for deposition 0.03 0.029 0.058| 0.008| 0.057| 0.013| 0.01 | 0.007
Critical shear stress for erosion 0.042 0.055 0.075| 0.083| 0.071| 0.015| 0.019| 0.019

Erosion coefficient 0.015| 0.045| 0.028 0.057| 0.011| 0.045| 0.011| 0.01 0.01

Highest tide amplitude 0.023 MRS 0.041 0.055| 0.029| 0.068| 0.026| 0.037| 0.03
Max water depth for plant growth ‘ 0.082 0.026 | 0.067| 0.063 0.073| 0.019| 0.049| 0.029| 0.016| 0.023
Min water depth for plant growth EUSKY4 0.09 | 0.009| 0.08 | 0.007| 0.005| 0.006
Maximum biomass 0.054 0] 0.045 N0 0.658 0.626
Maximum organic production rate 0.109 0.149| 0.183
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Biomass in different scenarios
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