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ARTICLE INFO ABSTRACT

Keywords: Salt marshes rely on sufficient sediment inputs and room for lateral migration to maintain vertical and lateral
Accretion stability under sea-level rise. As the global rate of sea-level rise accelerates, marshes unable to keep pace become
GCE-LTER

vulnerable to drowning. We evaluated the long-term response of a salt marsh in Georgia, USA, to historical
(1935-2018) and future projected rates of sea-level rise. We expected the marsh to be resilient because it receives
high sediment inputs and has room to migrate landward. However, sediment cores show marsh accretion (1.55
mm y’l) is lower than the historical rate of sea-level rise (3.25 mm y’l) and that rates are independent of
elevation. Results from a vertical accretion model show that while marsh area is stable through 2100 under
historical and high sea-level rise scenarios, the marsh relies on elevation capital to maintain its extent under a
high rate of sea-level rise. The marsh rapidly loses area beyond 2100 as it depletes its elevation reserve. By 2160,
only 12% of the initial marsh area remains. Our results demonstrate that while elevation capital can extend the
period of time a marsh maintains its areal extent, it does not remove the long-term threat of drowning when

Long-term changes
Mathematical models
Sediment sampling

marsh accretion cannot keep pace with sea-level rise.

1. Introduction

Salt marshes provide many critical ecological functions in temperate
coastal regions. They are highly productive ecosystems that protect
inland regions from chronic (e.g., tidal flooding, sea-level rise) and
episodic (e.g., hurricanes, storms) events by attenuating tides and storm
surges (Gedan et al., 2011; Shepard et al., 2011; Leonardi et al., 2018).
They are among the most important carbon sinks in the world, seques-
tering carbon at higher rates than any other wetland type (Zedler and
Kercher, 2005; Bridgham et al., 2006; Kirwan and Mudd, 2012). Salt
marshes also reduce eutrophication via nutrient cycling, reduce flooding
from storm surge, support terrestrial and marine food webs, and provide
nesting and refuge habitat for coastal fauna (Currin et al., 1995; Deegan
and Garritt, 1997; Cloern et al., 2002; Greenberg et al., 2006; Sousa
et al., 2010). Yet, marshes and their ecosystem services are threatened
by sea-level rise (SLR) and other anthropogenic impacts (Kirwan and
Megonigal, 2013; Crosby et al., 2016; Kirwan et al., 2016a; Schuerch
et al., 2018; FitzGerald and Hughes, 2019).

Salt marshes are dynamic ecosystems that naturally adjust vertically
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and laterally in response to changes in sea level (Friedrichs and Perry,
2001; Morris et al., 2002; Kirwan et al., 2016b; Ganju et al., 2017).
Long-term vertical marsh stability is driven by non-linear geomorphic
feedbacks between sea level, sediment deposition, and organic matter
accumulation that dictate rates of accretion across the marsh (Mudd
et al.,, 2009; Kirwan and Guntenspergen, 2012; Roner et al., 2016).
Accretion rates vary with elevation and distance from tidal channels
across a marsh landscape. Sediment accretion is typically highest in
areas that receive the most tidal inundation, namely at lower elevations
and near tidal channels (Friedrichs and Perry, 2001; Temmerman et al.,
2003; FitzGerald et al., 2008; Kirwan and Megonigal, 2013). Organic
accretion depends on elevation and is typically highest at elevations that
support maximum plant productivity (Redfield, 1972; Morris et al.,
2002; Kirwan and Guntenspergen, 2012). Marshes maintain their lateral
extent by migrating landward as flooding frequency increases (Langston
et al., 2017; Schieder et al., 2018; Kirwan and Gedan, 2019). To be
resilient to SLR, a salt marsh must receive sufficient sediment inputs to
maintain elevations within ranges that support marsh vegetation, and
migrate landward at a rate that offsets edge erosion (Cadol et al., 2014;
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Kirwan et al., 2016b; Alexander et al., 2017; Schuerch et al., 2018).

Human-induced and natural disturbances can disrupt the geomor-
phic processes by which salt marshes maintain stability under a rising
sea level. Dams upstream of estuaries reduce downstream sediment in-
puts, potentially limiting rates of mineral accretion (Syvitski et al., 2005;
Kirwan et al., 2010; Weston, 2014). Grazing by marsh invertebrates,
wrack accumulation, and other disturbances reduce plant productivity
and organic accretion (Alber et al., 2008; Deegan et al., 2012; Crotty
et al., 2017; Angelini et al., 2018). Additionally, barriers such as infra-
structure, shoreline protection, and steep slopes limit marsh migration
into adjacent uplands (Enwright et al., 2016; Kirwan et al., 2016b;
Dugan et al., 2018; Gehman et al., 2018; Schuerch et al., 2018; Thorne
et al., 2018).

Due to their biophysical characteristics, marshes are considered most
resilient to SLR under conditions of high sediment supply, tidal range,
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and availability of land for marsh migration (Kirwan et al., 2010, 2016b;
Kearney and Turner, 2015). When those conditions do not allow for
marsh sustainability, marshes must instead rely on “elevation capital” to
prolong their survival. Coined by Reed (2002), the term “elevation
capital” describes the elevation of the marsh above that which is
required for vegetation growth. Sediment and organic material accu-
mulated during marsh formation and other periods of soil growth form a
reserve that is then depleted when vertical accretion is outpaced by SLR
(Reed, 2002; Cahoon and Guntenspergen, 2010; Cahoon et al., 2019;
Langston et al., 2020). Marshes with high elevation capital may survive
for decades to centuries, even when sediment balances are negative (i.e.
sedimentation fails to keep pace with SLR and erosion), and the marsh
becomes closer to submergence (Ganju et al., 2017; Langston et al.,
2020). Marshes that rely on elevation capital may appear stable under
accelerated rates of SLR for decades or more, but on longer timelines are
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Fig. 1. Location map of salt marsh study area within the GCE LTER, Georgia, USA. Insets show the sediment cores (labeled 1-10) along elevation transects in GCE 4

and GCE 5.
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susceptible to rapidly drowning when their elevation capital is depleted.
Therefore, recognizing the contribution of elevation capital is especially
valuable when predicting long-term marsh survival under different
projections of SLR.

Although many landscape-scale numerical models explore how
ecogeomorphic feedbacks influence the stability of intertidal marshes
over the current century (e.g., Schile et al., 2014; Swanson et al., 2014;
Alizad et al., 2016; Cadol et al., 2016; Wu et al., 2017; Langston et al.,
2020), the fate of marshes after 2100 remains largely unexplored. Here,
we evaluate the response of a salt marsh in the Georgia Coastal Eco-
systems (GCE) Long-term Ecological Research Site (LTER; USA) to SLR
by measuring historical sediment accumulation rates and applying a
numerical model of marsh accretion. Although we anticipated marsh
stability in this sediment rich, gently sloping system, we found instead
that the marsh relied on elevation capital to survive SLR through 2100,
but was vulnerable to drowning beyond 2100.

2. Methods
2.1. Study site

Our study marsh is located on Doboy Sound southwest of Sapelo
Island, GA, USA, and is within the domain of the GCE LTER, which has a
series of salt marsh monitoring sites that are representative of South
Atlantic tidal wetlands (Pennings et al., 2012). The study took place in a
40 km? area (‘GCE marsh’) that encompasses two of these long-term
sites (GCE 4 and 5), which have been sampled since 2000 (Wieski and
Pennings, 2014). It includes 24 km? of vegetated marsh dominated
entirely by Spartina alterniflora (smooth cordgrass; Fig. 1). Tributaries of
Doboy Sound create dense networks of channels within the study area;
tidal flats are common near tributaries at low elevation and at the
marsh-upland boundary (Burns et al., 2020). Uplands adjacent to the
marsh have shallow slopes (average 2.24 + 2.2° over 50 m; Burns et al.,
2020) and support coniferous forest, forested wetlands, and low in-
tensity urban land use. Mean elevation of the marsh is approximately
0.77 m relative to mean sea level (MSL; Burns et al., 2020). The GCE
receives high sediment inputs from the Altamaha River; mean sus-
pended sediment concentration is approximately 40 mg L. The region
is mesotidal (mean tidal range ~2 m) and the long-term historical rate of
SLR is 3.25 mm y’l (1935-2018; Fort Pulaski #8670870).

2.2. Sediment cores

Sediment cores were collected at GCE LTER sampling sites, GCE 4
and GCE 5, to characterize long-term sediment accumulation with
respect to marsh elevation (Fig. 1). Ten cores were collected along an
elevation transect at each site, for a total of 20 cores. Coring site ele-
vations ranged from about MSL to 1 m above MSL. Cores 30-50 cm long
were collected in 15-cm diameter PVC barrels, returned to the lab, and
extruded at 1-cm intervals for 21°Pb geochronology. Long-term (100-y
timescale) sediment accumulation rates were determined using 210p}y 4
naturally occurring radionuclide. Samples were dried, ground, sealed in
Nalgene jars, equilibrated for a month, and counted for 24 h on a planar
germanium detector to develop profiles of the activities (dpm g 1) of
total 2!°Pb and supported 2!°Pb (from 22°Ra through its daughter
products 214ph and 21*Bi) (Alexander and Venherm, 2003). Subtracting
supported 21°Pb from total 21°Pb yields excess 2!°Pb, the decay of which
is mathematically related to the sediment accumulation rate. Sediment
accumulation rates were determined from the slope of the regression
line through the excess 21°Pb data points created by decay of excess
210ph in the seabed. Steep slopes indicated rapid accumulation and
shallow slopes indicated slow accumulation rates. In many cases bio-
logical and/or physical processes rapidly mix the uppermost seabed;
hence, the accumulation rate was determined using the decay profile of
excess 21%Pb below this mixed surface layer (DeMaster et al., 1985).
210p} rates were verified by identification of the 1963 maximum input
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peak of *7Cs, a bomb-produced tracer associated with atmospheric
weapons testing. See Alexander and Venherm (2003) for further details
of radiochemical techniques.

2.3. Model description

We applied a spatially-explicit vertical accretion model (Duran
Vinent et al., 2019; Langston et al., 2020) to predict responses of the GCE
marsh to scenarios of SLR. Following Langston et al. (2020), the model
considers the evolution of marsh vegetation and elevation relative to
SLR through time. In the model, marsh vegetation occupies a
site-specific range of elevations suitable for vegetation growth (see
Section 2.3.3 on model parameterization), and changes in vegetation
coverage (i.e., conversion of high to low marsh, marsh to open water,
migration into uplands) are calculated with a decadal timestep. For
marshes supporting multiple vegetation types, the model can account
for the contributions of organic material from each dominant plant
species across elevation zones as well as changes in species composition
that accompany changes in elevation, as demonstrated in Langston et al.
(2020). Changes in salt marsh elevations are calculated on an annual
timestep according to the mass balance between rates of mineral ac-
cretion and organic accretion:

%—f:Am(x,y,Z)—&—A,,(x,y,Z) —-R (1)
where mineral accretion, A,,, is a function of elevation and distance from
the nearest channel at location (x,y), organic accretion, A,, is a function
of elevation only, and R is the rate of relative SLR. Following Langston
et al. (2020), we do not consider the lateral erosion of marsh edges, the
evolution of unvegetated portions of the landscape, such as tidal chan-
nels, ponds, and mudflats, nor the effects of storms or other stochastic
events. Though beyond the scope of this model, these processes are
important in marsh development and stability, and have been addressed
in other models (e.g.,(Kirwan et al., 2016b; Ganju et al., 2017; Van der
Wegen et al., 2019; Mariotti, 2020).

2.3.1. Mineral accretion

Mineral accretion is calculated using a simplified 1D transport model
(Duran Vinent et al., 2019) in which rates of A;, decrease with distance,
I, from the nearest channel:

Hry)

An(x,y,Z) = Al (Z)e T 2

m
where A7 is a reference accretion rate, and length, L., describes the
spatial decay of A,,. Based on mass conservation, A.™ is proportional to
the suspended sediment concentration at the marsh edge (Cp), an
effective falling velocity, wy, and the rescaled local inundation time,

(7):

Amx(7) = % «(2) r (%) (3)

m

where py, is the density of mineral sediments deposited on the marsh,
o(Z)=x Lcos 1(2Z/82), and ris a fitting function with values between
0.5 and 1 that represents the effect of sediment inertia on the temporal
decrease of suspended sediments during ebb flows. The decay length, L.,
scales with the ratio of tidal water discharge per unit width and wg

L :ﬂ(;i Z) (4)

where L(x, y) is the length of the local drainage basin, T is the tidal
period, w; is the settling velocity, and g is a fitting parameter (1.5).

2.3.2. Organic accretion
Organic accretion (A,) is a function of above- and belowground
biomass of the dominant plant species, S. alterniflora:
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kBP
A, (x,y, Z):p— (5

where k is the recalcitrant fraction of belowground biomass, B is the
ratio of below- to aboveground biomass of S. alterniflora, P is the
aboveground biomass of S. alterniflora, and p, is the density of pure
organic sediments. Aboveground biomass depends on elevation, as
defined by a parabolic function (Morris et al., 2002):

P(x,y,Z) =aZ +bZ*> +¢ 6)

where @, b, and ¢ are locally derived coefficients that determine upper
and lower elevation limits of biomass for S. alternifiora.

2.3.3. Model parameterization

We parameterized the model using spatial data, sediment core data,
and the literature (Table 1). We used a vegetation-corrected digital
elevation model (DEM) developed from 2009 LiDAR and referenced to
NAVDS88 (Hladik and Alber, 2012) and a 2013 habitat raster to define
initial elevations and habitat distributions in the model domain. Before
running the model, we converted the spatial resolution of the DEM from
4.6 m? to 10 m?, consistent with the resolution of the habitat raster, and
converted the vertical datum to MSL. All reported elevations are relative
to MSL. The model includes all three habitat types present in the study
site: vegetated marsh dominated by S. alternifiora, water, and upland.
We created a probability distribution of S. alterniflora using the DEM and
habitat raster to identify minimum and maximum elevation limits of the
marsh. Elevation limits were defined as the elevations where the prob-
ability of S. alterniflora occurrence was —50%. The elevation for peak
aboveground biomass (0.45 m) was the midpoint of the marsh elevation
range (—0.51-1.39 m). We used a below- to aboveground ratio of 0.4,
consistent with the median value of root:shoot field measurements
collected in the GCE LTER (J. O’Connell; personal communication).

2.3.4. Model sensitivity and uncertainty

In a previous study, we found that this model was most sensitive to
suspended sediment concentration, maximum aboveground biomass,
and DEM elevation error (Langston et al., 2020). To account for uncer-
tainty and natural variation in mineral and organic accretion parame-
ters, we used a range of values for suspended sediment concentration
and maximum aboveground biomass. Suspended sediment concentra-
tion values ranged from 26 to 62 mg L™}, spanning median spring and
fall suspended sediment concentrations measured in marsh and levees
within the study area, and include suspended sediment concentration
from Hurricane Irma in 2017 (Wiberg et al., 2018). Maximum above-
ground biomass values ranged from 500 to 2500 g m 2, informed by
minimum and maximum end-of-year biomass measured in the creek-
bank zone at GCE 4 and GCE 5 from 2000 to 2011 (Wieski and Pennings,
2014). We also applied a DEM error term (Epgy) to account for potential
discrepancies within +0.2 m between the DEM and ground elevations
(Bater and Coops, 2009; Hladik and Alber, 2012).

2.3.5. Model experiments
We predicted the response of the GCE marsh to two scenarios of SLR:

Table 1
Model parameters.

Parameter Value References

Mineral Accretion (Ap,)

Co 26-62 mg L1 Wiberg et al. (2018)

W 27 x 10 °ms!

Pra 1.99 x 10 g m—3 Morris et al. (2016)

Organic Accretion (A,)

Prax 500-2500 g m~2 Wieski and Pennings (2014)
B 0.4 Pers. Comm. (J. O’Connell)
K 0.1 Benner et al. (1984)

Po 85x104gm—3 Morris et al. (2016)
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historical (3.25 mm y’l) and high (18.9 mm y’l in 2100). The historical
SLR scenario represented a low SLR scenario in which the current rate of
SLR was maintained over time. Under the high SLR scenario, the rate of
SLR accelerated over time, following IPCC RCP scenario 8.5 (IPCC,
2013), and was adjusted for local subsidence inferred from the Fort
Pulaski, GA tide station (1935-2018). This scenario represented likely
future conditions based on current greenhouse gas emissions. For each
scenario of SLR, we tested marsh response under two accretion sce-
narios: spatially-variable accretion dependent on elevation, and a con-
stant accretion rate, regardless of elevation. The former accretion
scenario reflected typical non-linear dynamics between sediment
deposition, primary productivity, and inundation (Morris et al., 2002;
Kirwan and Megonigal, 2013). The constant accretion rate was equiv-
alent to the mean accretion rate calculated from core measurements
(1.55 mm y_l) from GCE 4 and GCE 5, which showed no relationship
between sediment accumulation and elevation (Fig. 2). We evaluated
marsh response under all four scenarios on an annual time step (t = 88)
for 2013-2100, and on an extended timeline spanning 2013-2400. The
projection for the high SLR scenario was extended to 2400 using a
polynomial equation derived from 2013 to 2100 MSL data, and repre-
sents a scenario in which MSL continues along the same trajectory from
2013 to 2400. Uncertainty was incorporated into the model by including
a range of input values for Cg, Ppax, and Epgy (Table 1); values for each
model run were randomly generated from uniform distributions boun-
ded by range limits described above in Section 2.3.4. Unless otherwise
stated, results are presented as mean values based on 50 model runs +1
standard deviation.

3. Results

3.1. Sediment cores

In general, well-behaved excess 21° Pb decay profiles in the marsh
cores suggest that they preserve an undisturbed record of sediment
accumulation (Fig. 3). Sediment accumulation rates within the GCE
study site ranged from 0.3 to 4.1 mm y ! (0.01-0.17 g cm 2 y 1) and
averaged 1.55 mm y ! (0.07 g cm 2y 1), indicating that these marshes
did not keep up with the local historical rate of SLR. Although most rates
were below 2 mm y~, the highest rate of accumulation (4.1 mm y 1)
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Fig. 2. Comparison of sediment accumulation rates from 2'°Pb sediment cores
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was observed in the core from the lowest elevation. Nevertheless, there
was no clear trend in accretion rates with elevation, as a peak was also
observed in cores from approximately 0.8 m above MSL, which is
slightly lower than the location of mean high water (MHW) in this area
(1.01 m).

3.2. Model

Accretion rates in the GCE study site did not keep pace with historical
or high rates of SLR, regardless of the relationship between accretion
and elevation (Fig. 4a). When accretion depended on elevation, total
accretion (mineral and organic) increased to 2.56 + 0.49 mm y ! by
2100 under the historical SLR scenario, compared to 2.01 + 0.82 mm
y~! in 2013. Under the high SLR scenario (18.9 mm y ' in 2100), ac-
cretion increased to 6.27 4+ 1.1 mm y '. Accretion rates under both
historical and high SLR scenarios were highest near interior channels
(Fig. 5a). As rates of SLR outpaced accretion rates, marsh elevation
relative to sea level decreased over time (Fig. 4b). Under the historical
SLR scenario, elevation decreased from 0.77 + 0.1 m to 0.69 £ 0.07 m
by 2100 when accretion depended on elevation, and to 0.64 & 0.11 m
when accretion across the marsh was fixed at 1.55 mm y L. Under the
high SLR scenario, elevation decreased to 0.11 & 0.08 m when accretion
depended on elevation and to —0.01 + 0.1 m when accretion was
constant.

Despite decreases in elevations over time (Fig. 4b), the GCE marsh
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Fig. 4. Modeled a) accretion rate (dashed dark blue) over time under the his-
torical rate of SLR (solid dark blue), and accretion rate (dashed light blue) over
time under the high rate of SLR (solid light blue); b) elevation (dashed dark
green) and MSL (solid dark green) over time under the historical rate of SLR,
and elevation (dashed light green) and MSL (solid light green) over time under
the high rate of SLR. Accretion rates and elevations are based on scenarios with
dynamic accretion rates and presented as mean values + 1 SD from n = 50
model runs. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)
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maintained its areal extent under all SLR scenarios through 2100
(Fig. 5b). Under the historical SLR scenario, the area of vegetated marsh
remained the same (23.5 & 0.39 km?) in 2013 and 2100 when accretion
depended on elevation, and decreased slightly to 23.2 + 0.39 km? when
accretion was constant (Fig. 6). Marsh extent increased to 24.1 + 0.44
km? under a high rate of SLR when accretion depended on elevation, and
decreased to 22.1 + 0.59 km? when accretion was constant. Over longer
simulations (2013-2400), the model showed that marsh area remained
stable under the historical rate of SLR, regardless of accretion scenario
(Fig. 6). However, under the high SLR scenario, marsh area declined
rapidly after 2130. Marsh loss occurred at similar rates with and without
elevation-dependent accretion. Model results for elevation-dependent
accretion showed marsh area decreased 50% by 2142 (Fig. 7). Marsh
area decreased 75% by 2148 and 88% by 2157, before stabilizing at
2.5-3.6 km? for nearly 100 years (Fig. 6). The marsh decreased to 10%
of its 2013 extent in 2253 (Fig. 7). Less than 1 km? of marsh remained in
2277, and by 2343, 100% of the marsh drowned.

4. Discussion

The GCE marsh is a relatively undisturbed system that receives high
sediment inputs from the Altamaha River (Trimble, 1974, 2008; Meade,
1982; Dame et al., 2000; Weston, 2014). As such, we expected mineral
accretion to drive vertical accretion and to be sufficiently high for ac-
cretion rates to equilibrate with rates of SLR. However, sediment core
data indicate that current rates of marsh accretion are generally < 2 mm
y~ I (Fig. 3), lagging behind the historical rate of SLR by more than 1 mm
y 1. Reported long-term accretion in the same region of the GCE LTER
shows similarly low rates (Craft, 2007; Crotty et al., 2020). Core data
also revealed that vertical accretion was not a simple function of
elevation, with peaks near both the minimum and maximum range of
marsh elevation (Fig. 3). Relatively high accretion rates in marshes near
MHW is consistent with previous work on the Georgia coast (Alexander
et al.,, 2017). Marsh accretion rates elsewhere typically increase with
flooding duration (i.e., increase with decreasing elevation; Friedrichs
and Perry, 2001; Kirwan and Megonigal, 2013) which is a fundamental
premise of most salt marsh evolution models (e.g., Fagherazzi et al.,
2012). It is unclear why vertical accretion is not correlated with eleva-
tion in the GCE marsh; insight into this dynamic warrants further
investigation.

Low rates of vertical accretion despite high sediment availability
suggests a limited portion of available sediment is deposited on the GCE
marsh, and/or that other processes are interfering with lateral sediment
transport across the marsh. For example, marshes exposed to waves have
maximum accretion rates at slightly higher elevations (Duvall et al.,
2019), and sediment accretion in the interior of marshes can become
decoupled from conditions near the marsh edge (Coleman et al., 2020).
Although soils in the GCE are dominated by mineral sediment (typically
> 90% by mass), declines in plant biomass at the GCE may also be
affecting measured accretion rates. Reductions in aboveground biomass
have been observed in marshes at the GCE LTER in association with
extended periods of drought and exacerbated by grazing invertebrates
(Alber et al., 2008; O’Donnell and Schalles, 2016; Angelini et al., 2018).
Reduced aboveground biomass not only limits rates of organic accretion,
but also indirectly limits rates of sediment accretion by minimizing the
facilitating role marsh vegetation plays in slowing velocities of tidal
water and trapping sediments (Nyman et al., 2006; D’Alpaos et al.,
2007; Li and Yang, 2009; Coleman and Kirwan, 2019). Decreased
biomass may also contribute to the weak relationship between accretion
and elevation; die-back events from droughts and grazing likely disrupt
simple relationships between plant productivity and elevation (Morris
et al., 2002).

Regardless of the relationship between accretion and elevation, our
modeling offers several important insights. First, the GCE marsh was
able to survive accelerated rates of SLR through 2100 because it sits
fairly high in the tidal range and therefore has sufficient elevation
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Fig. 5. Spatial distributions of a) accretion rates and b) elevation across the GCE marsh in 2013 (t = 0) and in 2100 under historical and high SLR scenarios.
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Fig. 6. Modeled salt marsh extent under historical (orange) and high SLR (blue) scenarios through 2400. The solid lines denote model results with dynamic marsh
aceretion, whereas the dashed lines denote model results with a fixed accretion rate. (For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)

a. 2100 (0%) b. 2142 (50%)

c. 2148 (75%) d. 2253 (90%)

Fig. 7. Pattern of marsh drowning under the high SLR scenatio and elevation-dependent accretion as marsh loss increases from 0 to 90% between 2100 and 2253
(marsh = green, water = blue, upland = brown, unvegetated mudflats excluded from model = white). (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

capital to withstand accelerated inundation (Figs. 4 and 5). This Elevation capital provides a reserve of elevation that allows the GCE
behavior is consistent with historical photograph analysis at the site marsh to maintain its extent and survive increased flooding despite low
showing little change in marsh area through time (Burns et al., 2020). accretion rates relative to the rate of SLR (Crotty et al., 2020). The
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importance of elevation capital has previously been shown in marshes in
the Northeastern United States. Elevation capital sustained survival of
marshes in Jamaica Bay, NY, and Narragansett Bay, RI, while lower
elevation marshes in the same regions deteriorated (Watson et al., 2017;
Cahoon et al., 2019). Elevation capital even prolongs the survival of
marshes considered the most vulnerable to drowning, such as those in
the Plum Island Estuary, MA, where sediment inputs and room for
landward migration are limited (Langston et al., 2020).

Critically, our model predictions illustrate that elevation capital does
not remove the threat of marsh drowning. If accretion rates cannot keep
pace with the rate of SLR, even marshes at higher elevations become
vulnerable to drowning when their elevation capital is depleted (Reed,
1995; Kirwan et al., 2010; Day et al., 2011). The GCE marsh is predicted
to lose 86-99% of its elevation capital by 2100 under a high rate of SLR
(Fig. 4b). Generally, decreases in elevation lead to faster accretion rates
as more frequent tidal flooding increases sediment deposition (Kirwan
and Megonigal, 2013; Kirwan et al., 2016a). However, predicted in-
creases in accretion accompanying declines in elevation in the GCE
marsh would be insufficient to stabilize marsh elevation relative to MSL
(Fig. 4). The consequences of elevation loss in the GCE marsh are not
apparent by 2100 because the areal extent of the marsh remains the
same as in 2013. Loss of elevation capital in many marsh systems is
accompanied by changes in vegetation type, i.e., conversion from high
marsh dominated by S. patens to low marsh dominated by S. alterniflora
(Warren and Niering, 1993; Donnelly and Bertness, 2001; Watson et al.,
2016; Langston et al., 2020). In contrast, the GCE marsh is dominated by
a low marsh species, S. alternifiora, so changes in vegetation type will not
accompany the depletion of elevation capital and warn of impending
marsh loss. However, once elevation capital is depleted, marsh
drowning would occur quickly; 88% of the GCE marsh is expected to
drown within 60 years beyond 2100 (Figs. 6 and 7).

Our observations of substantial marsh drowning beyond 2100 illus-
trate that elevation capital delays, but does not prevent, marsh sub-
mergence. We recognize that increased uncertainty accompanies
projections that extend far into the future, and that implementing
adaptative management actions for time scales spanning generations is
challenging. Nevertheless, our findings demonstrate that looking
beyond 2100 offers critical insight into marsh survival not apparent on
shorter timelines. Although 2100 is the standard endpoint for evaluating
long-term effects of SLR on salt marshes, we recommend future
modeling efforts examine marsh responses on longer timelines to gain a
more complete understanding of marsh survival and vulnerability.
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