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Abstract

Two distinct microtidal estuarine systems were assessed to advance the understanding of
the coastal dynamics of sea level rise in salt marshes. A coupled hydrodynamic-marsh
model (Hydro-MEM) was applied to both a marine-dominated (Grand Bay, Mississippi)
and a mixed fluvial/marine (Weeks Bay, Alabama) system to compute marsh productivity,
marsh migration, and potential tidal inundation from the year 2000 to 2100 under four

sea level rise scenarios. Characteristics of the estuaries such as geometry, sediment
availability, and topography, were compared to understand their role in the dynamic
response to sea level rise. The results show that the low sea level rise scenario (20 cm)
approximately doubled high-productivity marsh coverage in the marine-dominated estu-
ary by the year 2100 due to an equilibrium between the rates of sea level rise and marsh
platform accretion. Under intermediate-low sea level rise (50 cm), high-productivity marsh
coverage in the year 2100 increased (doubled in the marine-dominated estuary and a
seven-fold increase in the mixed estuary) by expanding into higher lands followed by the
creation of interior ponds. The results also indicate that marine-dominated estuaries are
vulnerable to collapse as a result of low, relatively uniform topography and lack of sedi-
ment sources, whereas mixed estuaries are able to expand due to higher elevations and
sediment inputs. The results from the higher sea level rise scenarios (the intermediate-
high (120 cm) and high (200 cm)) showed expansion of the bays along with marsh migra-
tion to higher land, producing a five-fold increase in wetland coverage for the mixed estu-
ary and virtually no net change for the marine-dominated estuary. Additionally, hurricane
storm surge simulations showed that under higher sea level rise scenarios, the marine-
dominated estuary demonstrated weaker peak stage attenuation indicating that the
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marsh’s ability to dissipate storm surge is sensitive to productivity changes and bay
expansion / marsh loss.

Introduction

Coastal wetlands are valuable ecosystems due to their role in coastal protection, water purifica-
tion, carbon sequestration, erosion control, and as a habitat and food source for many species
[1-3]. The ecosystems in microtidal regions, such as the Mediterranean Sea and the northern
Gulf of Mexico (NGOM), are more susceptible to marsh productivity and coverage losses due
to sea level rise (SLR) [4-9]. Their vulnerability to SLR is typically due to the excessive inunda-
tion of low marsh regions in terms of both time and depth along with an insufficient allochtho-
nous sediment supply to the marsh platform that hampers its ability to accrete and keep pace
with rising water levels [8,9]. Estuarine systems generally respond to SLR by accumulating or
releasing sediments in an effort to find a vertical equilibrium position within the tidal frame.
The local responses are dynamically driven by hydrodynamic (tidal and river) and geometric
conditions [10-12] that also serve to characterize estuaries as fluvial, marine-dominated, or
fluvial/marine (henceforth referred to as mixed). Marine-dominated estuaries are character-
ized by the absence of fluvial inflow, uniform water levels in the creeks and bays, and a simple
creek network. Conversely, fluvial and mixed estuaries receive river flow, including sediment,
and contain more complex creek networks and estuarine geometry due to tidal and river flow
interactions [13-15]. Coastal wetlands lie at the nexus of the hydrodynamic, geometric and
ecologic regimes of an estuary. Therefore, the approach to assessing the impacts of SLR pre-
sented here focuses on understanding the dynamic response of coastal salt marsh productivity
under SLR scenarios. These assessments can help coastal resource managers choose suitable
protection and restoration planning pathways [16].

SLR can effectively change the hydrodynamics in estuaries [17-19], which are inherently
dynamic due to the nonlinear hydrodynamic and morphological response of the estuaries to
SLR [20]. In order to assess salt marsh response to SLR, it is important to use models that
include the interactions between local hydrodynamics and the salt marsh system [21]. Several
integrated models have been developed and applied in various regions to study SLR impacts
on coastal wetlands [22-26]. Due to the small tide range and acute sensitivity of microtidal
marsh systems to their hydroperiod, it is necessary to use a model that resolves intricate water
level variations in the tidal creeks and rivers. The Hydro-MEM model [25] was selected for
this study because it incorporates the dynamics of tides and marsh biomass productivity under
SLR [27] by coupling hydrodynamic and parametric marsh models. Hydro-MEM incorporates
the accelerating rate of SLR using a decadal coupling framework to include the interaction
between the marsh and the estuary hydrodynamics by adjusting both the marsh platform
elevation (from accretion or land loss) and representative bottom friction (from changes in
vegetation density) at each coupling time step [25,28]. The Hydro-MEM model requires an
accurate topographic elevation model of the marsh platform [29], Marsh Equilibrium Model
(MEM) experimental parameters [30], SLR rate projections, initial spatially-distributed bottom
friction parameters (Manning’s #) [31], and a high-resolution hydrodynamic model [28]. The
effort required for this integrated and complex modeling approach is warranted by the impor-
tance of marsh systems to both global and local economies.

Research has shown that marshes play an essential role in protecting shorelines and other
coastal assets by increasing bottom friction and dissipating waves [32-37]. Specifically, their
along- and cross-shore extents, productivity (biomass density), and bathymetry influence their
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ability to attenuate storm surge and waves [3,38,39]. Studies have shown that under moderate
and high rates of SLR, marshes are likely to be entirely inundated, lose productivity, and ulti-
mately transition to open water [26,40]. These changes to the biogeomorphology of the system
result in variable hydrodynamic changes [24,25,28,41]. In response to these new local hydro-
dynamics, the marsh landscape adapts to changes in sediment supply and salinity, the creation
of ponds, and new wave propagation patterns which often combine to widen back bays and
create new or widen existing tidal creeks [42-45]. In addition, marsh systems often respond to
SLR by migrating to higher lands if they are not obstructed by development or urban infra-
structure [28,46,47]. These potential regions for marsh migration in urban, agricultural, or for-
ested areas must be assessed and mapped using marsh evolution models and preserved for
restoration purposes [48,49].

Rates of marsh migration on gently sloping coastal planes are more sensitive to accelerated
SLR than rates of edge erosion [47,50]. Previous studies have shown that if marshes are allowed
to freely migrate upland, the net loss of marsh coverage could be minimal or in some cases even
increase[49,50]. Facilitating this free migration may require removing barriers (e.g. roadways)
and restoring developed land back to open space with appropriate topography. These changes
in the landscape play an important role when attempting to accurately project future ecosystem
services such as protection of coastal assets through storm surge dissipation. However, limited
studies have discussed the salt marsh role on storm surge attenuation due to the complex phys-
ics and numerous physical parameters that must be derived or assumed [35]. Observations and
recorded data have resulted in a heuristic approximation of 1 meter peak storm surge attenua-
tion per 14.5 to 20 km of marsh, although the influential physical factors such as marsh system,
storm track, and topography were not investigated [51,52]. Examining the findings from past
hurricanes hindcasted with advanced computer models indicates the importance of including
detailed characteristics of the system including topography, bathymetry, and wetland parame-
ters in addition to storm size, track, speed, and intensity to storm surge attenuation in different
marsh systems [3,38,39,53,54]. In addition, published research demonstrates that while marsh
systems play a critical role in protecting shorelines from storm surge, there is no general rela-
tionship between surge attenuation and marsh coverage due to the complex physical processes
at work [3,35,39,55]. Few studies have focused SLR impact to both marsh ecologic health and
its ability to buffer storm surge, therefore there is a need to synthesize these responses. This was
done by applying the dynamic effects of marsh productivity, bottom friction, and topography
and bathymetry variations, as well as storm surge amplification under different SLR scenarios.

This manuscript presents a major part of a comprehensive study of the ecological effects
of SLR. The main objective of this study was to assess and compare the dynamic response of
two distinct microtidal estuaries in Grand Bay, MS (marine-dominated) and Weeks Bay, AL
(mixed) to SLR and advance the findings of a study of the fluvial-dominated microtidal system
in Apalachicola, FL [28]. These dynamic responses were assessed by developing a model to
project and map the changes in marsh productivity and potential upland migration. In addi-
tion, the changes in storm surge attenuation resulting from SLR-induced marsh system
changes were quantified. This analysis incorporated marsh platform accretion, upland migra-
tion, bay expansion, and productivity changes into the model to measure their effect on storm
surge attenuation. The knowledge gained from this study builds upon previous efforts [28] to
understand the coastal dynamics of sea level rise in diverse estuarine systems.

Study area

Grand Bay and Weeks Bay estuaries are categorized as a marine-dominated estuary and a
mixed estuary, respectively. Grand Bay is one of the largest intact coastal systems in Mississippi,
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Fig 1. Study area and location of the Grand Bay estuary (b) and Weeks Bay estuary (c) in the NGOM as well as
two synthetic storm tracks (a). The basemaps in this figure are screen captures of World Imagery map in ArcGIS [64].

https://doi.org/10.1371/journal.pone.0205176.g001

located near the southern extent of the Mississippi and Alabama state line (Fig 1b), and consists
of several shallow bays (0.5 m to 3 m in Point aux Chenes Bay) that are effective in damping
wave energy [56-58]. Grand Bay estuary includes 41 km” of tidal wetlands and swamps domi-
nated by Juncus romerianus and Spartina alterniflora [59]. The marsh serves as a nursery and
habitat for commercially harvested species such as shrimp, crabs, and oysters [57,60]. Histori-
cally, this marsh system has been prone to erosion at a rate of 1.7 m/yr primarily due to SLR
[61,62]. The main factors contributing to this erosion are (1) the Escatawpa River diversion in
1848, which was the main estuary’s sediment source, and (2) the Dauphin Island breaching
caused by a hurricane in the late 1700s that allowed the propagation of larger waves and tidal
flows from the Gulf of Mexico [58,60,63]. In addition, waves currently break on the marsh
platform edge causing the loss of large masses of marsh when the water level is low. When the
water level is high, waves break on top of the marsh platform and undermine the marsh, open-
ing narrow channels that permeate the marsh and accelerate erosion [60].

The Weeks Bay estuary, located along the eastern shore of Mobile Bay in Baldwin County,
AL is categorized as a mixed estuary (Fig 1). Weeks Bay consists of bottomland hardwood for-
est followed by intertidal salt marsh habitat for animals and nurseries for commercially har-
vested species such as shrimp, blue crab, shellfish, bay anchovy, and others [65,66]. This
estuary is principally affected by the fresh water inflow from the Magnolia River (25%), the
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Fish River (73%), and some smaller channels (2%) with a combined annual average discharge
of 5 cubic meters per second [67]. Mobile Bay is the estuary’s coastal ocean salt source. Sedi-
ment is transported to the bay by the Fish River during winter and spring as a result of over-
land flow from rainfall events but is minimal during summer and fall when the discharge is
typically low [65]. Three dominant marsh species are J. romerianus and S. alterniflora in the
higher salinity regions near the mouth of the bay and Spartina cynosuroides in the brackish
region at the head of the bay. In the calm waters near the sheltered shorelines, submerged
aquatic vegetation (SAV) is dominant. The future of the Weeks Bay ecosystem is threatened
by urbanization, which is the most significant change in the Weeks Bay watershed in recent
decades [66]. Also, as a result of SLR, some marshes in the Weeks Bay have already converted
to open water [68] highlighting the importance and urgency of this study.

Methods

The Hydro-MEM model [25] was used to compute marsh productivity for present and future
conditions under four SLR projections. The inputs to the Hydro-MEM model include tidal
forcings, river inflow, present day marsh platform topography (Fig 2a), and Marsh Equilib-
rium Model (MEM) constants. The marsh productivity results were validated using field data
and employed to generate marsh migration-possibility maps. In addition, marsh productivity
results were integrated in a hurricane storm surge model to investigate changes in storm surge
attenuation within Grand Bay.

Hydro-MEM model

Coastal wetland response to SLR was assessed using the integrated Hydro-MEM model [25]
consisting of coupled hydrodynamic and parametric marsh (MEM) models. It was developed
to model the interconnection between the major biogeophysical components of marsh systems
by capturing feedback processes in a time-stepping framework. The time step approach served
to incorporate the rate of SLR by capturing the two-way feedback between the salt marsh sys-
tem (vegetation and topography) and hydrodynamics after each time step. Additionally, the
model implemented the dynamics of SLR by using a hydrodynamic model to provide input to
the MEM in the form of tidal parameters. The marsh platform elevation and Manning’s n val-
ues were updated using the biomass density and accretion results from MEM and then used as
input to the hydrodynamic model. Once the model reached the target time, the simulation
stopped and generated results [25].

The MEM component of the model used mean high water (MHW), topography, and
experimental parameters to calculate biomass density at each computational node. The MEM
utilized a parabolic curve that was a function of a relative depth (D), which is defined by sub-
tracting the topographic elevation from the computed MHW elevation. The parabolic curve
determined biomass density (B) as a function of this relative depth [30] as follows:

B=aD+bD* + ¢ (1)

where g, b, and ¢ are unique, experimentally derived parameters for each estuary. In this study,
the parameters were obtained from field bio-assay experiments [28,30,69] in both Grand Bay
and Weeks Bay. The fit of a simple parabolic curve to bioassay data can be quite good (1* = 0.73,
p =.0001) [69]. However, the variability in field data at a given elevation is typically high and it
was necessary to adjust the parameters to account for asymmetries. The curve for Grand Bay
was divided into sub-optimal (left) and super-optimal (right) branches that met at the parabola
apex. The left and right parameters for Grand Bay [70] were a;= 32 gm ™ yr ', b;= 32 gm * yr’',

¢=1920gm > yr 'and a, = 6.61 gm™ yr ', b, = —0.661 gm™* yr ', ¢, = 1983 gm™> yr ",
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Fig 2. Grand Bay estuary topography for the current condition and under different SLR scenarios. The adjusted
topography for current condition (c. 2000) is shown in (a). The unadjusted topography used for all scenarios is shown
in (b). The maps from c-f shows the updated adjusted landscape (dynamic landscape—topographic change based on
salt marsh platform accretion and bathymetric change for the expanded bay were applied) in the year 2100 under the
low (c), intermediate-low (d), intermediate-high (e), and high (f) SLR scenarios, respectively. The blue and green
(shallow water) colors show wet area, yellow is low land and brown demonstrates higher lands and the black line shows
the transect used for assessment.

https://doi.org/10.1371/journal.pone.0205176.9002

respectively. The biomass density curve for Weeks Bay had no asymmetry and was thus defined
using the parameters a = 73.8 gm™> yr ', by=~1.14 gm * yr ', c = 1587.1 gm > yr". Additionally,
the MEM element of the model calculated the organic and inorganic accretion rates on the
marsh platform using an accretion rate formula that incorporated the parameters for inorganic
sediment load (g) and organic and inorganic accumulation generated by decomposing vegeta-
tion (k) [30]. Based on this relationship, salt marsh platform accretion depended on the produc-
tivity of the marsh, the amount of sediment input, and the water level during the high tide
[30,71-75]. It also depended on the coupling time step (df) at which the elevation and bottom
friction inputs were updated in the hydrodynamic model.

Hydrodynamic model

The hydrodynamic model component of Hydro-MEM was the two-dimensional, depth-inte-
grated ADvanced CIRCulation (ADCIRC) model that solves the shallow water equations over
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an unstructured finite element mesh [76,77]. The mesh for this study had a resolution or hori-
zontal node spacing of 15 m, on average, in the marsh regions in the Grand Bay and Weeks
Bay estuaries. This high resolution mesh for Grand Bay and Weeks Bay was fused to an exist-
ing mesh developed by Bilskie et al. (78). The mesh spans the western north Atlantic from

the open ocean boundary at the 60 degree west meridian through the Atlantic Ocean, Gulf of
Mexico, and the Caribbean Sea and contains 1,095,214 nodes. This newly combined mesh was
developed with consideration of numerical stability in cyclical floodplain wetting [79] and the
techniques to capture tidal flow variations within the marsh system [28].

Inputs to the model consisted of Manning’s #, initial water level (with SLR), and topogra-
phy. The initial values for Manning’s n were derived using the National Land Cover Database
(NLCD 2001) [31] along with in situ observations [80]. Over the course of the model runs, the
Manning’s n values were updated based on the biomass density level of low (0.035), medium
(0.05), and high (0.07) or reclassified as open water (0.022) [28,81]. Additionally, the four SLR
projections for the year 2100 used in Hydro-MEM were low (0.2 m), intermediate-low (0.5 m),
intermediate-high (1.2 m) and high (2.0 m) [82]. The coupling time step for low and interme-
diate-low scenarios was 10 years, and it was 5 years for the intermediate-high and high scenar-
ios [25]. Therefore, the SLR at each time step varied based on the individual SLR projections.
In addition, the hydrodynamic model was forced by seven principal harmonic tidal constitu-
ents (M, S5, N», Kj, Oy, K;, and Q) along the open ocean boundary and river inflow at the
Fish River and Magnolia River boundaries. No flow boundary conditions were applied along
the coastline and upland extent of the coastal floodplains. The river discharge boundary condi-
tions were calculated as the mean discharge from 44 years of record for the Fish River (http://
waterdata.usgs.gov/usa/nwis/uv?site_no=02378500) and 15 years of record for Magnolia River
(http://waterdata.usgs.gov/nwis/uv?site_no=02378300). As of February 2016, these values
were 3.18 and 1.11 cubic meters per second, respectively. The hydrodynamic model forcings
were ramped by two tangential functions: one for the tidal constituents and the other for river
inflows. To capture the nonlinearities and dynamic effects induced by geometry and topogra-
phy, the output of the model in the form of harmonic tidal constituents were resynthesized
and analyzed to produce MHW in the rivers, creeks, and marsh system. This model has been
extensively validated and applied in several studies [78,83-85].

Topography adjustment

The hydrodynamic model elevation was interpolated onto the mesh using an existing digital
elevation model (DEM) (Fig 2b) developed by Bilskie et al. [86], [87] as a basis and incorporat-
ing a necessary adjustment to the marsh platform [28] due to the high bias of the lidar-derived
elevations in salt marshes [29]. Since this marsh is biologically similar to Apalachicola, FL (J.
romerianus dominated, Spartina fringes, and similar above-ground biomass density), the ele-
vation adjustment involved constraining the marsh platform elevations so that areas of similar
productivity were vertically positioned relative to the tidal frame similar to Apalachicola, while
preserving the natural micro-topographic variability.

In Grand Bay, the local tidal datums for MHW, mean sea level (MSL) and mean low water
(MLW) are 0.273 m, 0.053 m and -0.144 m, respectively, referenced to NAVDS88. This results
in an upper tide range (MSL to MHW) of 0.220 m and an upper midpoint of 0.160 m. In Apa-
lachicola, the productive areas of the marsh were also in the upper portion of the tidal frame so
this was used to guide the elevation adjustment in Grand Bay. If the unadjusted DEM elevation
was 0.160 m or lower, no further adjustment was made. This threshold was established coinci-
dent with the midpoint of the upper portion of the tidal frame; if the unadjusted DEM yielded
an elevation of 0.160 m or lower, it is a signature of low lidar DEM bias and should not be
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adjusted. In practice, adjusting raw elevations lower than the midpoint of the upper portion
of the tidal frame flattened the microtopography of the small tidal creeks and unrealistically
altered the inundation pattern.

For unadjusted DEM elevations higher than 0.160 m, the following equation was used to
constrain the elevations to a realistic range based on the vertical distribution of similar vegeta-
tion in Apalachicola.

_ (u B l)(zmw B Zmin)
Z“df B (Zmax - Zmin) * l (2)

where z,4; is the adjusted elevation; u and [ are the desired upper and lower limits of the
adjusted elevations, respectively; and z,,.x and z,,;, are the actual maximum and minimum
raw elevations of the DEM cells to be adjusted in the domain. For Grand Bay, some manual
tuning of these values was necessary to avoid unrealistic uniformity in the adjusted DEM. u
and [ were set to 0.493 m and 0.160 m, respectively. An elevation of 0.160 m was set as the floor
of the constrained range to coincide with the midpoint of the upper portion of the tidal range.
An elevation of 0.493 m was set as the ceiling of the constrained range to provide enough
numerical space for the variability to propagate to the adjusted DEM. This ceiling value was
computed by adding the span of the upper tide range (0.220 m) to the MHW elevation. z,,.x
and z,,;, were set to 1.20 and 0.160 m, respectively. The value of 1.20 m was selected because it
represented a natural inflection point in the distribution of elevations and including higher
elevations, that only occur rarely across the marsh and are possibly outliers, would restrict the
adjustment to an unrealistically narrow range. The adjusted and unadjusted DEMs are shown
in the Fig 2a and 2b, respectively.

Marsh coverage validation

To investigate the potential for salt marsh migration and its effect on storm surge, the model
boundary in Grand Bay and Weeks Bay was extended beyond the National Estuarine Research
Reserve (NERR) boundary. The model boundary in Grand Bay was extended west from the
Pascagoula River and east to Isle Aux Herbes, and it was extended north to include portions of
the Escatawpa River. In Weeks Bay, the model included Bon Secour Bay and was extended
from the east to the cross of Magnolia River and US Highway 98 and from the north to State
Highway 104 (Figs 1 and 3). However, the data for validation was located within the boundary
of Grand Bay National Estuarine Research Reserve (GBNERR) and it includes most of the salt
marsh area. The Hydro-MEM model results for Grand Bay under the intermediate-low 2020
SLR scenario were compared against two separate high-resolution land cover sources that
explicitly identify marsh habitats. The reason for selecting the intermediate-low 2020 SLR sce-
nario is that it was the closest result in time to the 2017 data from GBNERR and National Wet-
lands Inventory (NWT) [88,89] used for validation. In addition, this SLR scenario (5 cm rise
from 2000-2020) was in line with the lower end (5.76 cm) of the observed mean sea level trend
of 3.50 mm/year +/- 0.62 mm/yr (95% confidence limits) based on monthly mean sea level
data from 1966 to 2016 at Dauphin Island, Alabama, USA [90].

Habitat classifications [88] were obtained from the GBNERR as a 1.2-m raster and resam-
pled to 10 m resolution to match that of the Hydro-MEM model output raster. In addition,
wetlands classifications for coastal Mississippi [89] were downloaded from the NWI as sha-
pefiles, re-projected to local UTM zone (16N), and converted to 10-m raster. For each result-
ing raster (Hydro-MEM, GBNERR, NWTI), values were reclassified as one of two broad
habitat types (Marsh or Not marsh). The Hydro-MEM marsh utilized three productivity lev-
els of low, medium, and high; GBNERR marsh included mid-low marsh, high marsh, and
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Fig 3. MHW and marsh productivity maps in Grand Bay and Weeks Bay for current condition (c. 2000). The top
row shows MHW for the current sea level in Grand Bay (a) and Weeks Bay (b) where warmer colors represent higher
water levels. The bottom row demonstrates salt marsh productivity for the Grand Bay (c) and Weeks Bay (d) estuary
and blue, red, yellow, and green colors represent water, and low, medium, and high productivity marsh, respectively.
The basemaps in this figure are screen captures of National Geographic World map in ArcGIS [95].

https://doi.org/10.1371/journal.pone.0205176.9003

salt panne habitat; and NWI marsh was defined to include estuarine intertidal emergent per-
sistent vegetation, unconsolidated shore, and tidal-fresh palustrine emergent persistent vege-
tation habitats.

Each resulting land cover (LC) raster was subtracted from the reclassified Hydro-MEM
(HM) raster. The resulting difference rasters had values corresponding to areas of agreement
(HM Marsh, LC Marsh) and disagreement (HM Not marsh, LC Marsh; HM Marsh, LC Not
marsh). The area of each type of agreement or disagreement was calculated and expressed as a
percentage of the total marsh area covered by the two rasters being compared (HM and LC).
In addition, agreement was quantified by calculating Cohen’s Kappa statistic K [91-93].
Validations were restricted to GBNERR boundaries in order to provide a common basis for
comparison.

Marsh migration

Hydro-MEM generates salt marsh biomass density in regularly flooded lands, defined as eleva-
tions between MLW and MHW [25,30]. Using the time-stepping framework and feedback
mechanism in the Hydro-MEM model, the potential regions for marsh productivity and
migration were captured under different SLR scenarios. However, these potential regions
included developed areas, agricultural and hay lands, and forests. Marsh productivity
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projections were used and compared with National Land Cover Data 2011 [94] to produce
marsh migration potential maps. The National Land Cover Data 2011 consists of different clas-
sifications including water, wetlands, developed area, haylands, and forests that was employed
for comparison with the Hydro-MEM projected spatial maps. The comparison detected the
areas that salt marsh can migrate to (e.g. forests and agricultural or haylands) or was halted
from migration because of hardened structures (e.g. developed areas or highways) as well as
inundated regions. This method can detect the potential upland migration paths for marsh sys-
tems and other regularly inundated regions under SLR scenarios.

Storm surge simulations

Storm surge simulations were performed for the Grand Bay estuary in order to determine the
relative changes in peak water levels and surge attenuation under each SLR scenario using
static and dynamic modeling approaches. The static landscape model assumed no change

to the landscape (i.e. bottom friction, topography, or bathymetry) under SLR. The dynamic
landscape model incorporated simulated marsh accretion and biomass productivity from the
Hydro-MEM to adjust topographic elevations (topography and bathymetry) and bottom fric-
tion for the year 2100. In particular, the elevation change in marsh platform and creation of
interior ponds from the model outputs were applied under the low and intermediate-low SLR
scenarios (Fig 2c and 2d). Bathymetry in the bays were also altered to depict the expansion of
the bay under the higher SLR scenarios as obtained in Hydro-MEM results, particularly in the
increased expanse of area inundated at MHW (Fig 2e and 2f). Bottom friction was adjusted for
wetland regions in a similar fashion as described for the Hydro-MEM simulations and was
based on simulated biomass productivity. Using the static and dynamic landscape models for
the year 2100, two storm surge simulations for each SLR scenario were performed, each forced
by a synthetic storm that directed relatively high water levels to the Grand Bay region (Fig 1a).
Storm 1 had a minimum central pressure of 920.30 mb, radius to maximum winds of 14.7 km,
and a forward speed of 5.94 m/s and Storm 2, had a minimum central pressure of 938.07 mb,
radius to maximum winds of 32.45 km, and a forward speed of 9.67 m/s.

A storm surge transect analysis was performed along a selected location of the Grand Bay
marsh (Fig 2). The 10 km transect began at the shoreline and extended upland across the wet-
land and into the floodplain. Simulated peak water levels and Manning’s n values were linearly
extracted from the model results at 95 locations spaced 100 m apart. Storm surge attenuation
was computed across the transect and defined as the maximum reduction in peak water level
for a given distance across the transect [3]. It was quantified by calculating the difference in
peak water level from the starting point to each location along the transect and then divided by
each point respective distance to the starting point. This resulted in the maximum surge atten-
uation at each location across the transect relative to the computed surge at the shoreline.

Results

The evolution of two unique microtidal marsh systems in response to SLR due to the hydrody-
namic differences were investigated. The hydrodynamic results for current condition showed
a relatively constant value for MHW within the marine-dominated estuary (Fig 3a) in Grand
Bay with exception of several tidal creeks. However, MHW in the mixed estuarine system in
Weeks Bay (Fig 3b) demonstrated a 2 cm difference (5 percent of the tide range) between Bon
Secour Bay and Weeks Bay due to the effect of the narrow inlet between the two bays. Salt
marsh productivity results depicted a large marsh area (36 km?) in Grand Bay and small
patches of marsh lands in Weeks Bay (1.8 km?) categorized as low (2 km” in Grand Bay and
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0.3 km? in Weeks Bay), medium (13 km? in Grand Bay and 0.7 km” in Weeks Bay), and high
(21 km? in Grand Bay and 0.8 km?in Weeks Bay) productivity (Fig 3c and 3d).

Comparisons between Hydro-MEM results under the intermediate-low 2020 (5 cm) SLR
scenario, which were consistent with the lower 95% confidence limit of the observed mean sea
level trend at Dauphin Island, and land cover [88,89], as well as the corresponding areas of
agreement or disagreement, are illustrated in Fig 4. When compared against GBNERR habitat
classifications, 75% of the total combined marsh area was represented by habitat classified as
marsh by both sources. Seventeen percent was classified as marsh by GBNERR but not by
Hydro-MEM (yellow), and 8% was classified as marsh by Hydro-MEM but not by GBNERR
(Fig 4a). In comparing Hydro-MEM to NWI, 82% of the combined marsh area was in agree-
ment, while 13% was classified as marsh by NWI but not by Hydro-MEM, and 5% was classi-
fied as marsh by Hydro-MEM but not by NWI (Fig 4b). Cohen’s Kappa statistic [91-93] was
calculated as K= 0.75 and 0.83 in comparing Hydro-MEM to GBNERR and NWI, respectively.
It has been suggested that values of kappa (K) greater than about 0.60 indicate ‘substantial’
agreement [92], while values in the range 0.70-0.85 are considered ‘very good’ [93]. In relation
to the GBNERR habitat data, areas of disagreement corresponded mainly to marsh areas asso-
ciated with the transition from estuarine to tidal and freshwater marshes (HM Not marsh, LC
Marsh: 17%) or to patchy, shrub-scrub habitat (HM Marsh, LC Not marsh: 8%) (Fig 4a).
While the GBNERR habitat classifications do not distinguish between estuarine, tidal, and
freshwater marsh habitats, the NWI classifications do make such a distinction. In the
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comparison between Hydro-MEM and NWI, inclusion of only estuarine and tidal marshes
resulted in a larger area of agreement (and smaller areas of disagreement). As with the
GBNERR comparison, most areas of disagreement were along the tidal fresh transition zone
(HM Not marsh, LC Marsh: 13%) or patchy shrub-scrub areas (HM Marsh, LC Not marsh:
5%), although some of the former disagreement types also appears to occur along areas of tran-
sition between marsh and deep water. This may be due, at least in part, to the temporal delay
between the imagery on which the NWI classifications are based (2006-2007) and the interme-
diate-low 2020 Hydro-MEM projections, given that the observed amount of SLR at Dauphin
Island between 2007 and 2020 is approximately 4.5 cm (3.7-5.4 cm, based on 3.5 mm/yr +/-
0.62 mm/yr; [90]).

Fig 5 displays spatial and temporal marsh productivity changes under the low and interme-
diate-low SLR scenarios for Grand Bay and Weeks Bay estuaries. The changes in marsh pro-
ductivity under both SLR scenarios followed the same trend in terms of marsh system
equilibrium with SLR. In particular, high-productivity marsh coverage in Grand Bay in the
year 2100 under the low SLR was demonstrated to increase (double) while no significant
change for Weeks Bay was seen. However, the variations over time under the intermediate-
low SLR were more noticeable than the low SLR scenario for both Weeks Bay and Grand Bay.
The higher marsh productivity in Grand Bay and Weeks Bay (shown as green in the map, Fig
5) was more pronounced between 2060 and 2100 compared to previous years under the
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intermediate-low SLR scenarios when sea level is projected to increase from 20 to 50 cm. How-
ever, in the year 2100 under the intermediate-low SLR scenario in GB, the creation of ponds in
the marsh system as well as the bay expansion over the marsh in some regions indicated the
start of marsh system loss in this year. The increase in high-productivity marsh land under the
intermediate-low scenario in Weeks Bay was more pronounced (approximately a seven-fold
increase in coverage in the year 2100) by the creation of new marsh area in Weeks Bay near
Bon Secour Bay from 2020 to 2100.

The intermediate-high and high SLR scenarios (1.2m and 2m) projections (Fig 6) showed
more dramatic spatial changes in time than the low and intermediate-low SLR scenarios (0.2m
and 0.5m) (Fig 5). In the year 2040 projection, under the intermediate-high SLR scenario, the
Grand Bay marsh system contained approximately 40 km? of high-productivity marsh com-
pared to 19 km” under the high SLR scenario (Figs 6 and 7). However, 35 km? of medium
productivity was computed under the high SLR scenario and indicated the start of marsh pro-
ductivity loss in the Grand Bay marsh system. Under both intermediate-high and high SLR
scenarios, the trend of losing marsh productivity in the Grand Bay estuary was predicted to
continue in the year 2060. In this year, high-productivity marsh coverage dropped to 23 km?
and medium-productivity marsh coverage jumped to 31 km” under the intermediate-high SLR
scenario. Under the high SLR scenario, the medium and high-productivity marsh coverage
dropped to 20 km” and low-productivity marsh coverage increased to 16 km* (Figs 6 and 7).
The coastline around the Grand Bay estuary also changed by 2100 under these two SLR scenar-
ios, with much of the southern-most salt marsh in the years 2080 to 2090 converting to open
water. In addition, Grand Bay became hydraulically connected to the Escatawpa River over
Highway 90 in the high SLR scenario. In contrast, the maps in Fig 6 show that the Weeks Bay
inlet is projected to become wider to allow more inundation; as a result, marsh regions around
the rivers lose productivity and new marsh between Bon Secour Bay and Weeks Bay is created.

For both estuaries, the total salt marsh coverage in 2100 of all four SLR scenarios was esti-
mated to exceed the initial salt marsh coverage (c. 2000, Grand Bay: 36, Weeks Bay: 1.8 km?).
In 2100, Grand Bay salt marsh coverage totals ranged from 38 km” (high SLR scenario) to 56
km? (intermediate-low SLR scenario). In Weeks Bay, the total salt marsh coverage in 2100 ran-
ged from 10 km? (intermediate-high SLR scenario) to 4 km? (low SLR scenario). While the ide-
alized total salt marsh coverage increased from c. 2000 to 2100, the proportional zonation of
salt marsh biomass productivity categories (low, medium, and high) was projected to change
dramatically over time and between the two evaluated estuaries (Fig 7).

Grand Bay transitioned from an environment composed of high and medium productivity
in the initial time (c. 2000) to one dominated in 2100 by high productivity (low and intermedi-
ate-low SLR scenarios) or to conditions similar to the starting environment with additional
low productivity marsh coverage (high and intermediate-high SLR scenarios, Fig 7). In the
high and intermediate-high SLR scenarios between 2000 and 2100, there were periods of steep
coverage increase and decline for each productivity category as new areas transitioned to
marsh with new inundation while lower-lying areas fragmented and converted from salt
marsh to open water.

Weeks Bay transitioned from similar coverages of medium (0.7 km?) and high (0.8 km?)
marsh productivity in c. 2000, to an estuary dominated by high marsh productivity (intermedi-
ate-low, intermediate-high, and high SLR scenarios, Fig 7). In the low SLR scenario, the ratio
of low (20%), medium (35%), and high (45%) productivity in 2100 remained similar to that of
2000 (low: 17%, medium: 38%, high: 45%); however, there was an increase in coverage for all
three categories over time. Moreover, the sharp change in the year 2095 in the Weeks Bay estu-
ary under the intermediate-high SLR scenario (Fig 7) was projected to occur due to the loss of
productivity from high to medium near the shorelines in the southern part of Bon Secour Bay
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Fig 6. Biomass density results categorized into low, medium, and high productivity regions represented by red,
yellow, and green, respectively for the Grand Bay and Weeks Bay estuaries. The columns from left to right represent
the intermediate-high and high SLR scenarios and each column includes two attached maps demonstrate the Grand
Bay and Weeks Bay estuaries, respectively. The rows from top to bottom show the biomass density projections for the
year 2020, 2040, 2060, 2080 and 2100. The basemaps in this figure are screen captures of National Geographic World
map in ArcGIS [95].

https://doi.org/10.1371/journal.pone.0205176.9006

where the new marsh land was created. This medium productivity region in the year 2100 was
estimated to become inundated as a result of high SLR and some migration to higher lands
was predicted (Fig 6).

Figs 8 and 9 present the potential for marsh migration in Grand Bay and Weeks Bay. Under
the low SLR scenario in both estuaries, the increase in the green area (the region where marsh
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migration is possible) was much smaller compared to other scenarios. Under the intermediate-
low SLR scenario, not only do the potentially suitable regions for marsh migration expanded in
time but the map also includes small patches of marsh migration potential into hay lands and
developed areas (depicted by orange and red colors representing impossibility of marsh migra-
tion to those regions). These migration-impossible regions were highlighted as marsh migration
obstruction under the intermediate-high and high SLR scenarios from the year 2060 to 2100
(Fig 9). The maps also show the flooded regions in blue under the intermediate-high and high
SLR scenarios between the current shoreline border and migrated marsh system.

Fig 10 shows the maximum water surface elevation profile across the Grand Bay estuary
under each SLR scenario, including the results from the static and dynamic landscape, for
Storm 1. As SLR increased, the average total water level across the transect also increased, but
in a non-linear fashion, meaning the total water level did not linearly increase by the amount
of SLR applied, for both the static and dynamic landscape experiments. For the dynamic case,
the increase in total water level at the start of the transect (0 km) was 0.32 m from low to inter-
mediate-low (linear offset value of 0.3 m), 0.65 m from intermediate-low to intermediate-high
(linear offset value of 0.7 m), and 0.71 m from intermediate-high to high (linear offset value of
0.8 m), which represented 9.5%, 16.3%, and 15.0% of the total water level, respectively. The
attenuation across the transect for the static and dynamic landscapes under the low and inter-
mediate-low scenarios were similar, although slight variations were found in the water surface
elevation profile in the upland regions (5-10 km). More prominent changes between the static
and dynamic landscape representations were observed in the water surface elevation profile
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Fig 8. Marsh migration potential maps for the low and intermediate-low SLR scenarios categorized into the
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right represent the low and intermediate-low SLR scenarios and each column includes two attached maps demonstrate
the Grand Bay and Weeks Bay estuaries, respectively. The rows from top to bottom show the biomass density
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World map in ArcGIS [95].
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for the intermediate-high and high scenarios, particularly the water level in the upland por-
tions of the transect (5-10 km). Additionally, surge attenuation was reduced in the static to
dynamic landscape change scenario under the intermediate-high and high scenarios from
0.038 m/m to 0.017 m/m (55.5% reduction) and 0.050 m/m to 0.009 m/m (81.0% reduction),
respectively.

Fig 11 displays the storm surge attenuation as a function of Manning’s n bottom roughness
coefficient for Storm 1 and 2 and for the static and dynamic landscape experiments under the
four SLR scenarios. The maximum surge attenuation increased with increasing bottom rough-
ness as one would expect. For the static case, an increase in sea level reduced the surge attenua-
tion, particularly as the roughness increased beyond a Manning’s n value of 0.055; results from
the lower SLR scenarios demonstrated larger values of attenuation across the transect. How-
ever, this pattern changed under the dynamic landscape experiment and the intermediate-low
provided increased attenuation compared to the low scenario for similar bottom roughness.

Discussion

Estuaries are tightly connected to relative SLR; they can expand under low rates of SLR or
become submerged under high rates of SLR [96]. Microtidal estuaries around the world and
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their wetlands are more vulnerable to SLR than macrotidal estuaries; they tend to have large
areas of low-land marsh which are susceptible to drowning with increased SLR flooding [7-
9,97]. The vulnerability of estuaries to SLR varies based on the topographical and hydrody-
namic characteristics, as well as sediment inputs. To understand the effects of these underlying
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drivers on the response to SLR, it is helpful to compare and contrast the main types of microti-
dal estuaries, namely fluvial, marine, and mixed. This study investigated how major character-
istics of a marine and mixed microtidal estuary influence their response to SLR, compared
them to each other and to a fluvial system.

The main hydrodynamic difference between marine-dominated and mixed estuaries is
the fluvial source. Marine-dominated estuaries lack a fluvial source and the associated
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hurricane events (circles and diamonds) using A) static landscape and B) dynamic landscape (altered bottom
roughness and topography/bathymetry). Negative values indicate storm surge amplification (water level values
increasing along the transect-see Fig 2 for location) and positive values indicate storm surge attenuation (water levels
reducing along the transect).

https://doi.org/10.1371/journal.pone.0205176.9011
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interaction between river and tidal flows. However, mixed estuaries receive fluvial effects
including the sediments and water level changes within the creek networks. These effects are
much less significant than those in fluvial estuaries where river flows are relatively large and
the creek networks are more complex and often contains distributaries from the main river
[15,28]. Estuaries that are influenced by river input generally demonstrate greater water level
variation between the creeks and the bay. The tide and river inflow interaction creates a
more complex estuarine geometry, as evidenced by Weeks Bay (Fig 3b) [28]. The lack of
river inflow in marine-dominated estuaries results in simple creek networks with a relatively
uniform water level between the creeks and the bay; Grand Bay is an example of this type of
system (Fig 3a). There, the MHW change between the creeks and the bay in Grand Bay was
minor, whereas the MHW variation between Bon Secour Bay and Weeks Bay illustrates how
the narrow inlet between the two bays dampens the tidal signal, currents, waves, and storm
surge. Research shows that there is a correlation between SLR, the change in inlet cross-sec-
tion area, tidal amplitude, and tidal asymmetry [83,98]. The complex geometry of an estuary
can dampen the effects of SLR in these mixed estuaries, as long as the river discharge does
not contribute disproportionately to the inundation of the marsh. However, in a marine-
dominated estuary, the simple creeks and uniform water level are more directly influenced
by tidal flow, which increases with SLR. In contrast, the river inflow in a fluvial estuary can
exacerbate marsh inundation when combined with increased tidal flow as a result of SLR due
to the increase in downstream water level and the associated reduction in the hydraulic gra-
dient [28].

In marine-dominated estuaries, spatially constant MHW elevations in the tidal creeks and
flat topographic gradients combine, create, and sustain extensive marsh land (Fig 3). Paradoxi-
cally, these same characteristics make them vulnerable to SLR (Fig 6). In mixed estuaries, the
steeper topographic variations, including barriers, can limit marsh expansion potential. As an
example, small patches of marsh regions in the Weeks Bay mixed estuary (Fig 3d) demonstrate
how these steeper topographical variations limit the exposure of low-land regions to tidal flow
and cause pockets of marsh migration rather than large swaths. The tidal flows in Weeks Bay
are also damped by the narrow inlet, an important topographical feature. The increased expo-
sure that comes along with the wider inlet cross section induced by SLR [83] can introduce
larger tide range and consequently broaden intertidal lands to create new marsh regions in the
future (Figs 5 and 6).

The response of different types of estuaries to SLR depends on both SLR rate and the char-
acteristics of the estuaries. In marine-dominated estuaries, the low and uniform land in addi-
tion to smooth increase in elevation from low to high marsh provide a somewhat optimal
situation for the marsh system to establish an equilibrium under the lower SLR scenarios.

This equilibrium between the marsh system and SLR in the marine-dominated estuaries can
expand marsh lands and increase marsh productivity. This equilibrium was shown in our
study in the marine-dominated estuary under both low and intermediate-low-SLR scenarios
(Figs 5 and 7). Examining productivity and marsh migration maps (Figs 5 and 8), the results
demonstrate simultaneous marsh migration and ponding under intermediate-low SLR sce-
nario. Both ponding and marsh migration can be managed by restoration activities such as
thin layer placement and land preparation. In mixed estuaries, regular cyclical flooding of
higher lands is more likely to occur under the intermediate-low SLR scenario, which can result
in marsh system expansion into new territory that lies in the optimal vertical position of the
tidal frame. In this study, the selected mixed estuary projections for the intermediate-low SLR
scenario (Figs 5 and 8) showed marsh migration near Fish River in addition to the creation of
new productive marsh areas (increase in high productivity marsh in Fig 7) near Bon Secour
Bay where water levels increased. In addition, the combination of river inflow and SLR under
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the intermediate-low SLR in both mixed and fluvial microtidal estuaries can cause ponding
and marsh migration [28].

The microtidal estuaries’ response to higher rates of SLR is more dramatic. Marine-domi-
nated estuaries are the most vulnerable to higher SLR rates because of their low uniform
topography and low accretion rates (due to the lack of sediment source). This research showed
that marshes in this type of estuaries lose their productivity faster than those in mixed estuaries
but slower than those in fluvial estuaries [28], where the loss in productivity is due to increased
inundation of the marsh system induced by the synergistic effects of SLR and river discharge.
For example, the high productivity areas in Grand Bay were projected to become medium pro-
ductivity under intermediate-high (the year 2055 in Fig 7 and the year 2060 in Fig 6) and high
(from the year 2035 in Fig 7 and the year 2040 in Fig 6) SLR scenarios. This finding is similar,
for example, to estuaries in the Mediterranean Sea where the marine-dominated marsh sites
were shown to be more vulnerable to SLR greater than 1 m. Marshes in marine-dominated
estuaries in other parts of the world also lose productivity as a result of increased inundation of
marsh platforms, lower accretion rates, and lack of sediment inputs compared to the other
types of estuaries [9]. Moreover, the migration and coverage results (Figs 5, 7 and 9) show that
on a gently sloping coastal plain, the rate of migration in response to SLR can be substantial in
the absence of natural or anthropogenic topographic barriers, which agrees with other similar
studies [47,49,50]. Characteristics of mixed estuaries, such as a gradual slope to higher lands,
hydrodynamics dampened by the complex geometry, and sediment transported by small riv-
ers, lower the rate of marsh system inundation. In mixed estuaries, the sediment availability
and the suitable land slope provide the potential for marsh accretion, upland marsh migration,
and creation of new wetlands.

This research presented an idealized case where salt marsh is able to migrate to higher
lands. However, some of these regions are bordered by developed area or agricultural / hay
lands and would require restoration to facilitate the migration. Marsh migration-potential
maps can help highlight the possible regions that can be occupied by salt marsh in an ideal sit-
uation. Under the higher SLR scenarios (Fig 9), the vast amount of marsh migration necessary
to maintain current coverage would require restoration activities such as buying, protecting,
and preparing the land. For example, it is virtually impossible for the marsh to migrate to the
higher lands on the west and north side of the current marsh region in Grand Bay because of a
hardened surface and a highway (Fig 9). In addition, some smaller patches shaded with orange
in the northern part of the Grand Bay estuary and the northern shores of Bon Secour Bay indi-
cate hay lands where marsh could migrate if the lands are saved and prepared for marsh resto-
ration. These maps also highlight the potential future flooded regions by delineating the
present day shoreline. These potential future flooded regions could be good candidates for
thin layer sediment placement that would allow the marsh platform to better keep pace with
SLR. Since Hydro-MEM was designed to simulate large extents of salt marsh and was also
applied and validated in two different estuaries in the Timucuan and Apalachicola marsh sys-
tems [25,28], it can be used to inform marsh restoration programs in large intertidal wetlands
as well as the systems presented here. In particular, the maps of future wetland productivity
and migration projections can help coastal resource managers target effective restoration activ-
ities in the NGOM and other microtidal systems in the world [7,99].

Changes to the coastal landscape under SLR, such as the expansion of tidally inundated
regions (Fig 2) and change in marsh productivity (Fig 6) drastically alter the potential for
storm surge attenuation (Figs 10 and 11). The estimated reduction in wetland coverage and
bay expansion is projected to cause the total water levels to increase and storm surge to pene-
trate further inland than under present-day conditions. Reduced storm surge attenuation
under future sea levels will increase the vulnerability of coastal communities that are currently
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protected, whether they realize it or not, by large marsh systems such as Grand Bay. Therefore,
it is critical to develop an understanding of how tidal hydrodynamics may change under future
SLR and the resulting morphological response of the coastal system [100]. Herein, we imple-
mented simple morphological modifications to determine relative changes, but additional
research is needed to better understand the dynamic feedback among the tidal hydrodynamic
influenced morphology and resulting ecology [21].

Conclusions

This study utilized the coupled Hydro-MEM model to examine the impacts of SLR in microti-
dal marine-dominated (Grand Bay) and mixed (Weeks Bay) estuaries in the northern Gulf of
Mexico. The model was initialized with conditions c. 2000 including tidal hydrodynamics and
marsh platform topography adjusted to remove lidar DEM bias. The model used the accretion
rate to update marsh platform elevation and change bottom friction with respect to marsh pro-
ductivity variations in time. The model results were validated with the most recent data from
the Grand Bay NERR and NWI and showed 82% agreement.

The marsh productivity results in the marine-dominated estuary in Grand Bay show a
highly productive marsh system under the low and intermediate-low SLR scenarios with the
maximum increase in marsh coverage (from 36 km? in the year 2000 to 56 km” in the year
2100) under the intermediate-low SLR scenario. The results also indicate pond creation in the
year 2100 under the intermediate-low SLR scenario, which can be a precursor to losing marsh
systems permanently in years following 2100. Although the marsh coverage in the Grand Bay
estuary could remain the same under intermediate-high and high SLR scenario if the marsh
can migrate to higher lands, the current marsh is projected to become open water by the year
2100.

The unique topography and particular bay characteristics of the mixed estuary in Weeks
Bay, as well as sediment sources, benefit the salt marsh system and make it more resilient to
SLR. The maximum wetland coverage increase was predicted to occur under the intermediate-
high SLR scenario (a five-fold increase from 1.8 km” in the year 2000 to 10 km” in the year
2100). This trend was also projected under the high SLR scenario if the marsh migration to
higher lands near the Bon Secure Bay becomes possible. In addition, marsh migration under
the intermediate-low SLR scenario in Weeks Bay increased the marsh system coverage area,
but the projections show only a slight change under the low SLR scenario.

The Hydro-MEM results were also used to apply changes in bottom friction, marsh plat-
form elevation, and bay expansion in a storm surge model to assess the effects of these varia-
tions on storm surge attenuation in Grand Bay. The water level changes indicated an increase
in storm surge in the higher lands with less attenuation under the intermediate-high and high
SLR scenarios in the year 2100 as a result of the marshes transitioning to open water and ceas-
ing to provide their surge and wave dissipating ecosystem service.

This research presented the effects of SLR on two hydrodynamically-unique estuaries, and its
results can help guide future restoration projects in the NGOM and beyond. The Hydro-MEM
modeling approach used in this study can be applied to any other marsh system to aid coastal
managers. The maps generated and tools used here, as well as lessons learned, can be used to
inform decisions with respect to SLR impacts on ecological resources, as well as decisions on
what to look for and where to restore developed land and provide potential migration sites.
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