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Article

Horizontal Rates of Wetland Migration Appear Unlikely to Keep
Pace with Shoreline Transgression under Conditions of
21st Century Accelerating Sea Level Rise along the Mid-Atlantic
and Southeastern USA
Randall W. Parkinson

Institute of Environment, Florida International University, Miami, FL 33199, USA; rparkins@fiu.edu

Abstract: This investigation evaluated two fundamental assumptions of wetland inundation models
designed to emulate landscape evolution and resiliency under conditions of sea level rise: that
they can (1) migrate landward at the same rate as the transgressing shoreline and (2) immediately
replace the plant community into which they are onlapping. Rates of wetland (e.g., marsh, man-
grove) migration were culled from 11 study areas located in five regions of focus: Delaware Bay,
Chesapeake Bay, Pamlico Sound, South Florida, and Northwest Florida. The average rate of marsh
migration (n = 14) was 3.7 m yr−1. The average rate of South Florida mangrove migration (n = 4) was
38.0 m yr−1. The average rate of upland forest retreat (n = 4) was 3.4 m yr−1. Theoretical rates of
shoreline transgression were calculated using site-specific landscape slope and scenario-based NOAA
sea level rise elevations in 2050. Rates of shoreline transgression over the marsh landscape averaged
94 m yr−1. The average rate of shoreline transgression in the mangrove-dominated areas of South
Florida was 153.2 m yr−1. The calculated rates of shoreline transgression were much faster than the
observed horizontal marsh migration, and by 2050, the offset or gap between them averaged 2700 m
and ranged between 292 and 5531 m. In South Florida, the gap average was 3516 m and ranged
between 2766 m and 4563 m. At sites where both horizontal marsh migration and forest retreat rates
were available, the distance or gap between them in 2050 averaged 47 m. Therefore, the results of this
study are inconsistent with the two fundamental assumptions of many wetland inundation models
and suggest that they may overestimate their resilience under conditions of 21st century accelerating
sea level rise.

Keywords: accommodation space; climate change; coastal forest; horizontal migration rate; inundation
models; mangrove; marsh; sea level rise; shoreline transgression; tidal wetland

1. Introduction

The capacity of coastal wetlands to sustain their position within the tidal envelope is
key to resiliency under conditions of climate change [1,2]. As these environments provide
substantial habitat value and ecosystem function [3–5], myriad investigations have been
conducted over the years to quantify ongoing and future risks to their resiliency under
conditions of a changing climate and, in particular, accelerating sea level rise. Initially, these
investigations focused on observations of ecosystem migration [6,7] and vertical sediment
accumulation [8–10]. These relatively simple conceptual models were succeeded by the
development of ever more sophisticated inundation models. Common model parameters
included the rate of sea level rise, land slope [11] and use [12], rates of autochthonous and
allochthonous (both presses and pulses [13,14]) sedimentation, and rates of shoreline or
edge erosion [15]. The fundamental goal or output of these models is the emulation of future
landscape-level conditions likely to develop as coastal wetland ecosystems migrate upland
and into the expanding horizontal accommodation space created by rising seas [16–19].
The model outputs have substantially improved our understanding of the scale and pace of
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emerging threats to these ecosystems and the services they provide. For a more thorough
summary of the evolution of wetland inundation models, see the reviews by [20,21]. As
the importance of available horizontal accommodation space became ever more apparent
with respect to long term resiliency prospects, an additional suite of studies emerged
that focused on documenting potential migration pathways or corridors based upon the
topography, infrastructure, and land use of adjacent upland areas [12,13,18,22–26].

Two fundamental assumptions of most inundation models are that coastal wetlands
(1) can migrate landward at the same rate as the transgressing shoreline [27–29] and
(2) immediately replace the plant community into which they are onlapping [24,30–34].
Neither assumption has been fully vetted and, as noted by Kirwan et al. [35], rates of
horizontal migration have rarely been quantified. This investigation was designed to
evaluate the validity of these assumptions by comparing published rates of horizontal
wetland and upland plant-community migration along the mid-Atlantic and southeastern
U.S.A. seaboard (Figure 1) to theoretical rates of shoreline transgression that were based
upon the regional sea level rise scenarios provided by [36]. Are the two equal, and will they
remain so under conditions of accelerating sea level rise (c.f., [16])? Is there any evidence
to support the one-to-one [32] or immediate replacement [34] paradigms used in wetland
inundation models?
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Table 1. Summary of the rates of horizontal wetland migration or forest dieback and contemporaneous
sea level rise organized by location (Figure 1) and data source (i.e., Reference {Ref.} column). Rates
of migration and dieback were calculated over a range of time intervals characterized as recent
(decades), historic (centuries), and geologic (millennia). The time intervals are recent unless otherwise
indicated as historical (h) or geological (g). Rate of sea level rise contemporaneous with wetland
migration or forest dieback obtained from the same reference, unless otherwise specified in the Source
column. SM = salt marsh. F = forest. M = mangrove. nd = no data.

Region of Focus Study
Area Geographic Location

Rate (m yr−1) of
Horizontal

Wetland Migration
or Forest Dieback

Habitat Time Interval Ref.
Contemporaneous
Rate (mm yr−1) of

Sea Level Rise
Source a

Delaware Bay

1A Cumberland & Cape
May Counties, NJ 0.5 SM 1930–2006 [37] 3.0 A

1.8 F 1930–2006 [37] 3.0 A

1B Stow Creek, NJ 7.5 2 SM 1991–2017 [33] 3.5 A

1C Bombay Hook, DE 7.5 2 SM 1991–2017 [33] 3.5 A

Chesapeake Bay

2A1a Hell Hook Marsh, MD 3.5 SM 1850–2000 (h) [28] 2.4 A
0.2 SM >150 yrs ago (g) [28] 0.8 B

2A1b 2.2 SM 1872–2015 (h) [38] nd
0.3 SM >150 years ago (g) [38] 0.8 B

2A2a Cedar Creek Marsh, MD 6.8 SM 1850–2000 (h) [28] 2.4 A
1.3 SM >150 years ago (g) [28] 0.8 B

2A2b 1.9 SM 1872–2015 (h) [38] nd
0.7 SM >150 years ago (g) [38] 0.8 B

2A3 Blackwater National
Wildlife Refuge 4.7 F 2001–2020 [39] nd

3.1 F 1985–2000 [39] nd

2B Goodwin Island, VA 3.3 SM 1872–2015 (h) [38] nd
0.3 SM >150 years ago (g) [38] 0.8 B

Pamlico Sound

3A Long Shoal River, NC 4.6 SM 1872–2015 (h) [38] nd
0.4 SM >150 years ago (g) [38] 0.8 B

3B1 Cedar Island, NC 1.7 SM 1872–2015 (h) [38] nd
0.4 SM >150 years ago (g) [38] 0.8 B

3B2 Long Bay, NC 1.2 SM ~1808–present (h) [40] 2.4 A

3B3 Nelson Bay, NC 8.6 SM last 60 years [40] 2.4 A

South Florida

4A1 Southeast Saline
Everglades, FL 3.1 M 1960–2000 [41] 2.6 C

0.1 M 3000–300 yBP (g) [41] 0.8 B
4A2 31.0 M 1938–1952 [42] 2.6 C

4B Southeast Saline
Everglades, FL 55.0 M ~1940–present [43] 2.6 C

4C Ten Thousand
Islands, FL 63.0 M 1927–2005 [44] 2.6 C

Northwest
Florida

5A Big Bend, FL 2.3 SM 120 years (h) [45] 2.3 D
4.2 F 120 years (h) [45] 2.3 D

a A = reference authors, B = [46] as calculated in [47], C = Key West as reported in [48], D = Cedar Key as reported
in [48]. 2 Average value derived from Figure 1 of [33].

2. Materials & Methods
2.1. Wetland Horizontal Migration

In this paper, horizontal migration refers to the movement of a coastal plant com-
munity upslope and towards the interior or uplands. The rate of horizontal migration is
defined as the distance (m) traveled along the leading edge or advancing ecotone in one
year. Horizontal rates (m yr−1) of wetland migration were harvested from the published
literature. If the author(s) also reported the rate of contemporaneous sea level rise, that
value was also recorded so that correlations between the two could be conducted. If no rate
of sea level rise was reported, a value was obtained from a geographically and temporally
appropriate source.
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2.2. Shoreline Transgression

Marine transgression describes the landward migration or onlap of coastal marine
conditions onto and over areas formally above sea level (e.g., freshwater marsh, uplands).
The boundary between the two environments is generally described as the shoreline and
the average elevation as mean sea level. The rate of shoreline transgression refers to the
horizontal distance or onlap (m) traveled by the shoreline in one year. The rate of shoreline
transgression (m yr−1) was calculated for each of the 11 study areas using (1) the average
slope of the topography (landscape) and (2) NOAA scenario-based sea level elevations
in 2050. Topographic slopes (m km−1) were either obtained during the literature review
or calculated using the appropriate USGS 7.5′ topographic map(s). The calculated slopes
were based upon the average distance between the shoreline and first elevation contour
(1.524 m or 5 ft). This method may have overestimated the actual value in areas where
the first contour delineated an abrupt elevation assent of antecedent topography adjacent
to an otherwise nearly flat coastal plain. At those locations, the distance of shoreline
transgression in 2050 would have been underestimated. The complete data set used to
calculate slope is available in the Supplementary Materials (Table S1). The correlation
between the published rates of horizontal marsh migration and slope was tested.

Sea level elevations in 2050 (m above 2020 mean sea level) and average rate of rise were
calculated using NOAA’s Interagency Sea Level Rise Scenario Tool [36,49] (Supplementary
Materials: Table S2). The elevations were obtained from tide stations located proximal to
each of the five regions of focus (Figure 1). Given that 21st-century rates of sea level rise
along the mid-Atlantic and southeast US coast are currently tracking with the Intermediate
High and High trajectories of NOAA [47,48], this study used the median High value to
derive elevations and rates of rise. The correlation between the rates of horizontal marsh
migration and sea level rise was tested.

Based upon the published rates of horizontal wetland migration and topographic
slope, the distance (m) of wetland migration into the emerging accommodation space
created by rising seas was calculated in 2050 relative to its present (2020) location for each
of the study areas. The distance (m) of shoreline transgression in 2050, relative to its present
(2020) location, was calculated using the average rate of sea level rise during the 30-year
interval and topographic slope calculated for each of the study areas.

3. Results
3.1. Wetland Horizontal Migration

Twenty-six rates of wetland horizontal migration were obtained from 11 study areas
located in five regions of focus (Figure 1 and Table 1). These included both marsh and
mangrove habitats. Several studies reported more than one migration rate, each distin-
guished by the time interval over which the estimate was calculated: millennia or geological
(mangrove only), centuries or historical, and decades or recent. For the purposes of this
study, the historical and recent wetland values were combined and are hereafter referred to
as modern. Only the modern marsh migration rate values (n = 14) were considered in an
analysis of correlation with the rate of sea level rise and topographic slope. All the modern
wetland migration rate data (e.g., marsh + mangrove; n = 18) were used to evaluate the
capacity of wetlands to keep pace with shoreline transgression. In addition to the wetland
migration rates, three studies were identified that reported rates of upland forest retreat or
dieback (n = 4, Table 1). These values were used as a means of evaluating the one-to-one or
immediate replacement assumption.

The average rate of modern marsh migration was 3.7 m yr−1 and ranged between
0.4 m yr−1 (Pamlico Sound area 3A) and 8.6 m yr−1 (Pamlico Sound area 3B3). The average
rate of South Florida modern mangrove migration was 38.0 m yr−1 and ranged between
3.1 m yr−1 (area 4A1) and 63.0 m yr−1 (area 4C). Forest retreat rates averaged 3.4 m yr−1

and ranged between 1.8 m yr−1 (Delaware Bay area 1A) and 4.7 m yr−1 (Chesapeake Bay
area 2A3).
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Contemporaneous rates of sea level rise corresponding to modern rates of wetland mi-
gration were reported in all studies considered except those conducted in Florida (Table 1).
Modern rates of contemporaneous sea level rise corresponding the two Florida regions
of focus were obtained from [48]. The rates within the study domain ranged between
2.3 mm yr−1 (Northwest Florida area 5) and 3.5 mm yr−1 (Delaware Bay areas 1B and 1C)
and averaged 2.8 mm yr−1. The rate of sea level rise commensurate with all geological
wetland migration rates was obtained from the western Atlantic submergence curve of [46]
as reported in [47]. This value (0.8 mm yr−1) is similar to the late-Holocene rates published
for North Carolina [50] and northeastern Florida [51].

Landscape slopes (Table 2) ranged between 0.1 m km−1 (all areas in Chesapeake Bay
and South Florida) and 1.5 m km−1 (Pamlico Sound area 3B1). The theoretical distance of
upslope horizontal marsh migration (Table 2) between 2020 and 2050 ranged from 16 m
(Delaware Bay area 1A) to 259 m (Pamlico Sound area 3B3) and averaged 119 m. The theoret-
ical distance of South Florida upslope mangrove migration to 2050 ranged from 93 m (area
4A1) to 1890 m (area 4C) and averaged 1141 m. The theoretical retreat distance of the three
forested sites ranged between 54 m (Delaware Bay area 1A) and 140 m (Chesapeake Bay
area 2A3) and averaged 103 m. A graphical summary depicting landscape slope, 2050 sea
level elevation, shoreline location (i.e., intersection of sea level and land slope), and the
distance of upslope wetland migration in 2050 relative to the year 2020 in each of the areas
of focus is shown in Figure 2. The correlation between rates of modern marsh horizontal
migration and contemporaneous sea level rise (Figure 3A) was significant (r2 = 0.4485,
p < 0.05). The correlation between rates of modern marsh horizontal migration and land-
scape slope (Figure 3B) was not significant (r2 = 0.0064, p < 0.05). That being noted, the trend
lines of both were intuitive as one would expect the rate of horizontal marsh migration
to vary proportionally with the rate of sea level rise and inversely with landscape slope.
Correlations were not performed using the mangrove data because they were limited to
four modern values.

Table 2. Average slope of land between the shoreline and first elevation contour (1.524 m or 5 ft) was
derived from USGS 7.5′ topographic maps corresponding to each study area (Figure 1). Slope and
sea level elevation in 2050 were used to derive distance and corresponding average rate of shoreline
transgression between 2020 and 2050. Also shown is the theoretical distance of wetland migration
(onlap) or forest retreat (dieback) between 2020 and 2050. These values were calculated using land
slope and published rates of habitat movement (column 4 of Table 1). The distance or gap between the
transgressing shoreline and landward edge of the advancing wetland plant community in 2050 is also
indicated. Habitat types include SM = salt marsh, F = forest, and M = mangrove. na = not applicable.

Region of
Focus

Study
Area

Land Slope (m
km−1) a

2050 Sea Level
Elevation (m)

Relative to
2020 b

Distance (m)
of Shoreline

Transgression
2020–2050

Average Rate
(m y−1) of
Shoreline

Transgression
2020–2050

Distance (m) of
Wetland

Migration or
Forest Dieback

2020–2050

2050 Distance (m)
between Migrating

Wetland and
Transgressing

Shoreline

Habitat

Delaware Bay

1A 0.8 0.55 717 23.9 16 701 SM
54 na F

1B 0.3 0.55 1792 59.7 225 1567 SM

1C 0.3 0.55 1792 59.7 225 1567 SM

Chesapeake
Bay

2A1a 0.1 0.57 5587 186.2 105 5482 SM
2A1b 0.1 0.57 5587 186.2 65 5521 SM
2A2a 0.1 0.57 5587 186.2 203 5383 SM
2A2b 0.1 0.57 5587 186.2 56 5531 SM

2A3 0.1 140 na F
92 na F

2B 0.1 0.57 5587 186.2 99 5488 SM

Pamlico Sound

3A 0.3 0.51 1708 56.9 138 1570 SM

3B1 1.5 0.51 342 11.4 50 292 SM
3B2 1.1 0.51 466 15.5 35 431 SM
3B3 0.7 0.51 732 24.4 259 473 SM
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Table 2. Cont.

Region of
Focus

Study
Area

Land Slope (m
km−1) a

2050 Sea Level
Elevation (m)

Relative to
2020 b

Distance (m)
of Shoreline

Transgression
2020–2050

Average Rate
(m y−1) of
Shoreline

Transgression
2020–2050

Distance (m) of
Wetland

Migration or
Forest Dieback

2020–2050

2050 Distance (m)
between Migrating

Wetland and
Transgressing

Shoreline

Habitat

South Florida

4A1 0.1 0.47 4656 153.2 93 4563 M
4A2 0.1 0.47 4656 153.2 930 3726 M

4B 0.1 0.47 4656 153.2 1650 3006 M

4C 0.1 0.47 4656 153.2 1890 2766 M

Northwest
Florida

5A 0.4 0.46 1160 38.7 69 1091 SM
126 na F

a Source of values detailed in Supplementary Materials, Table S1. b See Supplementary Materials, Table S2 for
calculations.
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Figure 2. Average slope of landscape (black lines) calculated between present shoreline (0, 0) and 

first elevation contour (1.524 m or 5 ft) of study area-specific USGS 7.5′ topographic map, unless 

defined previously in a reference, considered during this investigation (see Supplementary 

Figure 2. Average slope of landscape (black lines) calculated between present shoreline (0, 0) and
first elevation contour (1.524 m or 5 ft) of study area-specific USGS 7.5′ topographic map, unless
defined previously in a reference, considered during this investigation (see Supplementary Materials,
Table S1). Slope locations (i.e., alphanumeric labels) shown in Figure 1. Landscape slope is truncated
if the threshold elevation (i.e., 1.524 m) was not reached at 3 km inland. Also shown are sea level
elevation (horizontal blue line) and the theoretical distance of wetland upslope (e.g., inland) migration
(black circles) in 2050 relative to 2020. The intersection of landscape slope and sea level elevation
represents location of shoreline in 2050. Wetland migration distances vary within and between focus
regions and study areas as a function of the magnitude of the rate of migration (Table 1) and slope of
the landscape (Table 2). Note that focus regions 4 (South Florida) and 5 (Northwest Florida) have
been combined into a Florida summary.

3.2. Shoreline Transgression

The focus-area specific NOAA scenario-based sea level elevations above present
(2020) in 2050 ranged between 0.46 m (Northwest Florida area 5) and 0.57 m (all areas in
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Chesapeake Bay) and averaged 0.52 m (Table 2). Calculated rates of shoreline transgression
to 2050 (Table 2) averaged 107.9 m yr−1 and ranged from 11.4 m yr−1 (Pamlico Sound area
3B1) to 186.2 m yr−1 (all areas in Chesapeake Bay). The theoretical distance of shoreline
transgression in 2050 (Table 2) relative to 2020 averaged 3251 m and ranged between 342 m
(Pamlico Sound area 3B1) and 5587 m (all areas in Chesapeake Bay).
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Figure 3. Correlation between rates of horizontal marsh migration and (A) contemporaneous rate
of sea level rise or (B) topographic slope. Also shown are trendlines and associated coefficients of
determination. Rate of sea level rise and slope values were obtained from Tables 1 and 2, respectively.

3.3. Assessing Wetland Resilience during the 21st Century

Wetland resilience, either as modeled or conceptually envisioned under future condi-
tions of accelerating sea level rise, is largely predicated on the capacity of plant communities
to successfully migrate into the horizontal accommodation space created during shoreline
transgression. The data collated during this investigation (Figure 2) indicate that an offset
or gap between the leading edge of the onlapping wetland and theoretical location of the
transgressing shoreline will develop in all regions of focus over the 30-year time interval
considered (Figure 4). In the study, by 2050, the calculated gap in marsh areas ranged from
292 m (Pamlico Sound area 3B1) to 5531 m (Chesapeake Bay area 2A1b) and averaged
2700 m. In the mangroves of South Florida, the gap ranged between 2766 m (area 4C) and
4515 m (area 4A1), averaging 3516 m. These observations are novel because the presence of
an offset or gap between the location of the advancing wetland and transgressing shoreline
has not been previously described as a potential landscape feature that may emerge under
conditions of 21st-century sea level rise.
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4. Discussion

The relationships between reported rates of modern horizontal wetland migration
and scenario-based shoreline transgression (Figure 2, Figure 4) indicate that the marsh and
mangrove plant communities considered in this analysis will not advance inland at the same
rate at which the coastal zone is being inundated by 21st-century rising seas. This finding
is contrary to the fundamental assumption of numerous, if not all, inundation models
currently in use. It could be argued the modest correlation between rates of horizontal
marsh migration and sea level rise (Figure 3) is evidence of their capacity to keep pace with
rising seas (c.f., [24,28]). However, this would require a 25-fold increase in the observed
average rate of modern marsh horizontal migration (i.e., 3.7 m yr−1) to keep pace with
the predicted, average rate of shoreline transgression (i.e., 94 m yr−1) expected in these
areas over the next 30 yrs. Although limited in number, the rates of modern mangrove
onlap are typically larger than their marsh counterparts, but a 4-fold increase in the average
rate of horizontal migration would still be required to keep up with the average rate of
South Florida shoreline transgression (i.e., 153 m yr−1) expected over the next 30 years.
Furthermore, even if these wetlands could keep pace with shoreline transgression, there
are no data demonstrating they can vertically accumulate sediments at the rates of sea level
rise anticipated through 2050 (average = 12.8 mm yr−1), and certainly not during the latter
half of this century (average = 32.1 mm yr−1) (Supplementary Materials, Table S2). Hence,
the older, more seaward habitat will experience a growing sediment deficit (i.e., rate of
vertical sediment accumulation—rate of relative sea level rise) and ultimately convert to
open water.

To test the rigor of these findings, a re-analysis was performed using only the historical
data (i.e., interval of observation past ~150 years; Supplementary Materials, Table S3)
since the outcome of the interaction between historical rising seas and horizontal wetland
migration was known. The hindcasts (n = 8) were conducted using data collected in
Chesapeake Bay and Pamlico Sound. The analysis could not be performed in the other
regions of focus because the available historical migration data were limited or absent.
The results (Supplementary Materials, Figure S1 and Table S3) indicate that marsh in the
Chesapeake Bay region was overstepped by historical sea level rise, resulting in an average
gap of 1831 m. In Pamlico Sound, the results yielded an average gap of 295 m. These values
are much lower than the average gap predicted for 2050 (i.e., Chesapeake Bay 5481 m,
Pamlico Sound 692 m, Table 2) because the average rate of sea level rise during historical
times was slower than that projected between 2020 and 2050. However, in both regions,
a gap did not develop. This contradiction is reconciled by the fact that during historical
times, the rate of vertical sediment accumulation was equal to or greater than the rate of
sea level rise [28,52,53] (Supplementary Materials, Table S3). Hence, the accommodation
space created by rising seas was infilled by a thickening soil profile and expanding wetland
footprint. It follows that the conceptual model utilized in this study is a more effective
means of forecasting future conditions in areas wherein a sediment deficit exists. This
caveat is not considered to be a significant impediment to the general application and
related relevance of this investigation’s findings to existing inundation models given that
the proportion of extant wetlands experiencing a sediment deficit is growing and that
this trend can be expected to accelerate in tandem with the rate of sea level rise over the
duration of this century.

It would be logical to expect the rate of horizontal wetland migration to increase
proportionally to the rate of sea level rise and inversely with landscape slope. However,
only a modest correlation was demonstrated with the former and no correlation with the
latter. There are a variety of reasons for this outcome, including but not limited to the
following: (1) in many of the studies considered herein, (a) the time intervals corresponding
to the various rates of recent, historical, and geological horizontal migration calculated by
the authors varied between and within the regions of focus and (b) those intervals were not
generally the same as the time intervals corresponding to the rates of contemporaneous sea
level rise they cited; (2) when no recent rate of sea level rise was provided by the original
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authors, a value was obtained from the nearest NOAA tidal station, but these stations were
not usually located within the same study area in which the original work was conducted;
and (3) when no historical or geological rate of sea level rise was provided by the original
authors, a published value for the late-Holocene western Atlantic Ocean was utilized.
Beyond these sources of error in the calculations, the variability observed between the
measured rates of horizontal migration and sea level rise or topographic slope is likely
to have been enhanced by environmental factors specific to each area of study. Examples
include differences in the (1) structure (e.g., age) and function (e.g., productivity) of the
plant communities, (2) soils and sediments, (3) micro-topography, (4) tidal range and extent
of saltwater encroachment, (5) surface water flow, and (6) groundwater flux. However,
these limitations did not compromise the fundamental observations and outcomes of this
investigation; rates of horizontal wetland migration are unlikely to keep pace with shoreline
transgression in the decades ahead.

The results of this investigation also suggest that the one-to-one replacement of habitat
or ecogeomorphologic cross-shore profile translation [31,33] is unlikely under conditions
of 21st century accelerating sea level rise within the study domain, as has recently been
reported in the Delaware and Chesapeake Bay regions [54]. The data assembled during this
investigation—albeit limited—suggest that the transition will not simply progress inland
over time as a well-defined ecotone (see also [33,54,55]). This can be demonstrated through
an inspection of the paired rates of marsh migration and forest retreat measured in the
studies conducted in Delaware Bay and Northwest Florida (Table 1). In Delaware Bay
(area 1A), the historical rate of marsh migration is reported as 0.5 m yr−1 while the rate of
forest dieback is 1.8 m yr−1. The rate of historical marsh migration reported from North-
west Florida (area 5) is 2.3 m yr−1 while the landward retreat of upland forest is 4.2 m yr−1.
Furthermore, it seems likely that the transition zone will expand over time as the (1) trailing
edge of the retreating habitat is overstepped by the rapidly transgressing shoreline and
(2) leading edge of the onlapping wetland is left ever further behind. It is also unlikely
that the vertical sediment accumulation rates of the onlapping wetlands will keep up
with sea level rise, as previously demonstrated. Therefore, it is probable that in time,
these areas will convert to open water (also known as pond widening or runaway ex-
pansion [56]) and wherein the transgressing shoreline will ultimately abut directly onto
retreating upland habitats.

As the rate of sea level rise continues to accelerate, so too will the rate and extent
of tidal inundation and saltwater encroachment into freshwater wetlands and forests.
This can be expected to further accelerate the expansion of transitional zones, mangrove
inundation ponds [42], and salt marsh pools or ponds [34,56] by catalyzing decomposition,
reducing rates of sediment accumulation and tree regeneration, and increasing rates of plant
mortality [11,17,20,26,57–60]. Furthermore, the immediate replacement assumption seems
unlikely to counter this trend because it takes decades to centuries to create a functional
wetland [23,28,37,61–63]. Given the pace of sea level rise and shoreline transgression, this
seems unlikely.

Further compounding the deleterious effects of the sea level press on wetland re-
silience are the (1) presence of upland structures [12,14,24,41,42], (2) historical diversion of
freshwater by surface water management infrastructure [41], (3) anthropogenically induced
reductions in the delivery of allochthonous sediments to the coastal zone [64,65], and
(4) periodic or haphazard pulses of drought, storm surge (i.e., mechanical damage, flood-
ing), and extreme precipitation events, which are expected to intensify under the conditions
of a changing climate [20,40,57,66–70].

All of these observations further highlight the need to greatly expand our understand-
ing of the ecogeomorphic processes occurring along the landward migrating boundary
between onlapping wetlands and retreating habitats. These data can then be incorporated
in wetland inundation models to improve their capacity to project probable outcomes.
Furthermore, it is evident that the acquisition of land to create migration corridors, removal
of anthropogenic barriers, and rehydration of areas historically dewatered are all vital and
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necessary to optimize the resilience of coastal wetlands under conditions of 21st century
accelerating sea level rise.

5. Conclusions

The results of this study demonstrate that horizontal rates of wetland migration into
the accommodation space created by 21st-century accelerating sea level rise are not likely to
keep pace with shoreline transgression or the adjacent retreating habitat. These findings are
inconsistent with the fundamental assumptions of most wetland inundation models. Hence,
those models overestimate resilience. The reconciliation of this disparity will require novel
investigations that focus on ecogeomorphic processes occurring within the wetland–upland
transition zone. In addition to closing this knowledge gap, it is imperative that coastal
practitioners formulate and implement land management programs to acquire and/or
create migration corridors and remove anthropogenic barriers, perhaps complimented
by surface water management mitigation designed to restore freshwater flux towards the
coastal zone in areas that have historically been dewatered.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/coasts4010012/s1, Figure S1: Hindcast results of historical marsh migration
and contemporaneous sea level rise using data provided in Supplementary Materials Table S3.; Table
S1: Slope values utilized in the investigation. All sources are USGS 7.5’ topographic maps unless
otherwise noted; Table S2: Median sea level elevation, relative to 2020, and associated average rate of
rise (2020–2050) corresponding to NOAA’s high scenario-based trajectory in 2050; Table S3: Summary
of data used to hindcast interaction of historical (i.e., extending back 150 yrs) rates of horizontal
marsh migration and shoreline transgression organized by geographic location.
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