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We used static, elevation and land cover data to estimate sea level rise impacts
(SLR) to urban, developed lands and coastal wetland systems in Everglades National
Park and the East and West coastal regions in South Florida. Maps and data tables
estimating potential state change to open water were compiled through overlay analysis
of elevation, land cover, and SLR masks with future land cover projected using a land
cover transition threshold model. Analysis was based on a 2–5-km-wide longitudinal
band along the SW and SE coasts of Florida where sea-level rise has no surface
impediments to inundation and will likely cause coastline transgression and wetland
migration. Analysis used three different projections; 0.27 m (0.9 ft), 0.76 m (2.5 ft)
and 1.13 m (3.7 ft) greater than current sea level by 2070 estimated by NOAA and
IPCC. Under a 0.27 m SLR projection 51% of the coastal land cover may be impacted.
Under 0.76 and 1.13 m projected SLR, coastal land cover areas were impacted by
56.5 and 59.1%, respectively. Migration of coastal wetlands from their current location
into more inland areas in response to increased water depths and as a function of
empirically derived marsh and mangrove accretion rates were also evaluated. With a
SLR of 0.76 m by 2070, without accretion, 1,160 sq km of wetland became open
estuarine water. However, with accretion values of 0.211 m (4.1 mm yr−1) and 0.55 m
(11 mm yr−1) by 2070, there was a transition of wetland cover to open estuarine water
of only 349 and 41 sq km, respectively. Under a low SLR of 0.27 m by 2070 scenario
with accretion, the coastal mangroves were able to migrate inland while maintaining
the current coastline. It was only under the more extreme scenario of 1.13 m SLR by
2070 that accretion was not able to compensate for inundation and there was a loss of
wetland coastline everywhere.

Keywords: Everglades, wetland, restoration, mangrove, sea level, inundation, vulnerability

INTRODUCTION

Sea-level rise is expected to affect natural and urban areas by shifting habitats and inundating
coastal developments. To plan for a sustainable South Florida ecosystem, it is important to identify
ecological vulnerabilities to sea-level rise and ask how we might direct Everglades restoration and
water management to minimize saltwater intrusion, peat collapse (Sklar et al., 2019) and land
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loss. Sea-level rise (SLR) projections for the next 50 years will
threaten the structure and function of coastal wetlands in South
Florida and there is agreement among coastal scientists that sea
level is rising at rates that will inundate most lowlands distributed
along the coasts (Ross et al., 2000; Sweet et al., 2017; Sklar et al.,
2019).

The Southeast Florida Regional Climate Change Compact’s
Sea Level Rise Ad Hoc Work Group (Compact) (2019) has
established a set of climate indicators, including SLR, flooding,
high tide events, groundwater elevation, saltwater intrusion,
temperature, rainfall and severe storms. Analysis of observed
and projected data from the four counties within the Compact
(Palm Beach, Broward, Miami-Dade, and Monroe) include best
available data and associated trends. One of the most important
contributions of the Compact has been its regional unified
SLR projections. When used in conjunction with vulnerability
assessments, these projections inform the user of the potential
magnitude and extent of SLR impact at a general timeframe
in the future. Here we use the Compacts Median, Intermediate
and the High projections at the 2070 timestep to analyze a
qualitative, conceptual raster-based “bathtub” model of wetland
response to SLR.

Sea level rise and inundation pose a substantial risk to many
South Florida coastal communities, and the risk is likely to
increase with continued development, changes in storm intensity
and frequency (Wanless, 1989; Nungesser et al., 2014; Malone
et al., 2015). The Southeast Florida Regional Climate Change
Compact’s Sea Level Rise Ad Hoc Work Group (Compact)
(2019), IPCC and NOAA SLR scenarios project 40 cm by 2040
and 100 cm by 2070 (IPCC, 2014). These SLR projections will
likely lead to more sustained extreme storm surges, increased
coastal erosion, inundation of coastal wetlands, saline intrusion
of coastal aquifers, and upward migration of estuarine salt fronts
into formerly freshwater areas (Meeder et al., 2017; Park et al.,
2019). Thus, there is an increasing urgency for federal and state
governments to (1) focus on SLR adaptation at the local and
regional levels and (2) consistently provide the information, tools,
and methods necessary for adaptation to climate change.

Mangrove forests within the Everglades ecosystem rely on
external inorganic sediment input and autochthonous organic
matter generated to maintain a vertical soil elevation that
have allowed them to keep pace with a relatively stable SLR
(Parkinson et al., 1994; McKee et al., 2007). Over the last
century, SLR rates have been estimated to be approximately
2.1 mm yr−1 based on long-term tide gauge data from South
Florida (Maul and Douglas, 1993; Iz et al., 2012). Over the last
50 years, there is evidence of SLR acceleration (2.9 mm yr−1,
Obeysekera et al., 2011; 2–4 mm yr−1, Wanless et al., 1994).
The global rates of SLR for the last 50 years was approximately
2.6 mm yr−1, adding up to about 21–24 cm since 1880, and
about a third occurring in the past 25 years. Future rates are
estimated to be somewhere between 3 mm yr−1 and 15 m
yr−1 depending on the selected emissions pathway and up to
the NOAA intermedia high projections (Lindsey, 2021). Based
on the geologic record 5,500 years before present, SLR rates
were ∼5 mm yr−1 and south Florida shorelines were still
transgressive, moving marine waters inland, as evidenced by

thin, narrow and ephemeral sedimentary deposits (Wanless et al.,
1994; Meeder and Parkinson, 2018). The resilience of the coastal
mangrove ecosystems to continue to keep pace with SLR, and
especially a rapid 2070 scenario rise, will be discussed herein
in terms of Everglades’ mangrove ability to balance this rise
with soil accretion. Mangroves are currently distributed close to
their lower thermal limits in Florida (Cavanaugh et al., 2019).
However, with a projected 1.5◦C temperature increase and with
projected salt water intrusion, we assume that their ability to keep
up with accelerated rates of SLR will improve with time (McKee
et al., 2007; Doyle et al., 2010).

For coastal wetlands to persist in the face of SLR, the
soil surface must accrete vertically at a rate equal to the
rate of SLR (Cahoon et al., 1995). A number of studies have
shown that coastal wetlands are indeed able to accrete at a
rate equal to recent rates of SLR (1–2 mm yr−1, Church
and White, 2006) and survive for thousands of years at these
modest rates (McKee et al., 2007; Willard and Bernhardt, 2011).
However, given current projections of SLR of 3–4 mm yr−1,
the forest floor will have to build sediments at a rate 4.5–9
times that observed over the last century. Wetland accretion
rates are a function of the combination of inorganic and
organic material inputs to the soil. Inorganic material is mostly
supplied in the form of sediments that come from either the
sea or freshwater sources, particularly in riverine and tidal
mangrove systems. Organic material is mostly derived from
the growth of plant roots, which provide a biological source
to which other soil material can adhere and contribute to
soil formation directly upon decomposition. Mangrove forests
are considered excellent land builders due to the soil-binding
capacity of their roots (McKee et al., 2007; Friess and McKee,
2020) as well as organic soil formation by high rates of
belowground production (Castaneda-Moya et al., 2011). In
carbonate environments where there is little mineral sediment
input from riverine systems, such as South Florida, belowground
production of mangrove peat is considered the primarily soil-
building mechanism (Parkinson et al., 1994; Chen and Twilley,
1999; McKee et al., 2007) subsidized by marl deposition in some
location near the shoreline.

For coastal wetland in South Florida, where elevations
gradients are minimal, this study will explore if small changes
in soil elevation relative to projected sea-level rise scenarios can
lead to large spatial changes in ecosystem structure. We ask;
Can coastal wetland systems adapt to the mean water depth
changes specified in the SLR predictions over the next 50 years?
Here we present a coast-wide overview based on a functional
paradigm for forecasting potential retreat and migration of
tidal forests (mangroves) along the northeast and southwest
Everglades (South Florida) based on known expanse of mangrove
ecosystems at the regional level. Our objective is to evaluate, on
a broad, holistic scale, coastal wetland migration as a function
of topography, peat collapse, and SLR. We assume that wetland
loss due to SLR is a net reduction in ecosystem services, such as
nutrient and carbon sequestration and that despite the ecological
value of an estuary, a transition to an open water estuarine habitat
is a significant decline in biodiversity, resilience and coastal
zone functionality.
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STUDY AREA

SLR Projections
The Southeast Florida Regional Climate Change Compact’s Sea
Level Rise Ad Hoc Work Group (Compact) (2019) projections
for 2070 SLR (Figure 1) represents the consensus from the
technical working group and includes projections developed by
the Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (IPCC, 2014) and the National Oceanic and
Atmospheric Administration (NOAA) (Sweet et al., 2017). The
included projections account for regional effects that produce
regional differences in Southeast Florida’s rate of SLR compared
to global projections. All projection curves assume a growing
greenhouse gas emission concentration scenario. This study used
the NAVD88 elevation associated with each 2070 projection
to create sea level masks corresponding to the IPCC Median
projection of 0.9 feet (0.27 m) NAVD, the NOAA Intermediate
High projection of 2.5 feet (0.762 m) NAVD, and the NOAA High
projection of 3.7 feet (1.12776 m) NAVD.

Current Conditions
The South Florida Water Management District is a regional
governmental agency that operates and maintains the regional
water management system for the southern half of Florida. That
regional system is divided into water control catchments that
include drainage areas, waterbodies, and control structures. It
also includes a coastal catchment comprised of bays, lagoons,
rivers and other tidally influenced coastal waterbodies. The
upstream divides for the coastal catchment include coastal
structures that mitigate the flow of tidal waters upstream into
freshwater areas. Our study area includes the coastal catchment
along with a few inland areas that are expected to experience
impacts from SLR (Figure 2).

Current condition land cover data (Figure 2) were derived
from land cover mapped by the SFWMD from 2014, 2015,
and 2016 aerial photography (South Florida Water Management
District [SFWMD], 2014a). The SFWMD uses the Florida
Land Use, Cover, and Forms Classification System (FLUCS)
Handbook (Florida Department of Transportation [FDOT],
1999) as the basis for land use and land cover mapping
(Table 1). They maintain classification updates and clarifications
in Photointerpretation Keys (South Florida Water Management
District [SFWMD], 2014b). Land Cover data were reclassified
into 14 study categories shown in Figure 2.

Elevations
The elevation collections described and listed in Table 2
and shown in Supplemental Material were the sources for
elevation and depth data used in this analysis. These were
used to derive a high resolution topo-bathymetric elevation
mosaic (South Florida Water Management District [SFWMD],
2020; Supplementary Figure 2). This elevation mosaic used
the Web Mercator spherical projection. Elevations values
in the source mosaics were NAVD88 units of feet. The
mosaic was used to derive sea level elevation masks and
was resampled and recalculated to a 3-m Digital Elevation
Model (DEM) with elevation values in NAVD88 units of
meters for use in calculating depth. Elevation masks for the
2070 SLR predictions were derived from the South Florida
elevation mosaic using conditional statements that resampled
the elevation mosaic into pixels with elevation values equal
to or less than the specified elevation and those not meeting
those conditions. The resulting raster was converted to an
SLR mask by eliminating pixels not meeting the specified
conditions and calculating the remaining pixels to the SLR
prediction elevation.

FIGURE 1 | The 2019 unified sea level rise (SLR) projection from Southeast Florida Regional Climate Change Compact Sea Level Rise Work Group (Compact)
(2019), used to estimate SLR inundation.
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FIGURE 2 | South Florida study area within the South Florida Water Management District, indicating the landcover types (left) and the extent of inundation and
saltwater intrusion that could occur with no freshwater deliveries to the coasts of South Florida or during a severe drought within the boundary conditions that are
currently protected by water control units, catchments, structures and levees.

Mean elevations for the land cover classes within the study
area ranged from a high of 4.79 m (Sd Dev 2.29 m) for
the Terrestrial habitats to a low of −9.87 m (Sd Dev 11.3
m) for the Marine classification (Table 3). The high standard
deviation for the Marine cover was due to the high bathymetric
variance found in the study area. Standard Deviations were
calculated as a check on the quality of the land cover classification
protocol and to identify and correct land cover elevation outliers.
Depth was calculated by subtracting the Study Area DEM from
the SLR Masks. The resolution and pixel alignment of the
3-m land surface DEM was specified to be maintained in the
resulting depth raster.

METHODS

Sediment Elevation Table (SET)
Changes in the elevation of the soil surface over time was
measured using the surface elevation table–marker horizon
(SET–MH) methodology (Figure 3), which has been widely used

and recommended for monitoring intertidal surface-elevation
trajectories in coastal wetlands (Cahoon et al., 1999; Cahoon,
2015; McKee et al., 2020). Tide gauges record a relative sea
level-rise (RSLR) associated benchmarks attached to the Earth’s
crust. We estimated the mangrove elevation change relative to
the closest tidal gauge by subtracting the mangrove soil elevation
change measured with the SET from nearest-neighbor tide gauge
SLR calculations. This calculation is possible because the SET
and tide gauge independently measure vertical elevation change
in different portions of the substrate (Cahoon, 2015). The SET
is attached to a benchmark pipe driven into the soil surface
2–3 m and it is assumed to be a stable datum over the period
of study. Nine pins are lowered to the soil surface to measure
elevation with an accuracy of around each SET platform in the
fringe and basin zones of each study site. Vertical accretion was
measured, to the nearest millimeter, using pressurized liquid
nitrogen coring technology (Cahoon, 2015) and measuring the
depth of the marker horizon below the surface.

Surface Elevation Table and marker horizons (SET-MH) sites
were established along a East-West transect within the Mangrove
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TABLE 1 | Cover type descriptions and class, based on the Florida land use,
cover, and forms classification system (FLUCS) Handbook (Florida Department of
Transportation [FDOT], 1999) and used in this conceptualization of seas
level rise impacts.

General
class

Land cover Cover type description

Agriculture Agriculture FLUCS 2000 (Agriculture) All classes

Barren land Barren land FLUCS 7000 (Barren Land) Classes include
sand other than beaches, exposed rock,
borrow areas, spoil areas, dikes and levees and
other disturbed land

Terrestrial Terrestrial FLUCS 3000 (Upland Non-forested), and 4000
(Upland Forest) classes

Urban Urban FLUCS 1000 (Urban and Built Up) and 8000
(Transportation, Communications, and Utilities)
classes

Water Estuarine water FLUCS 5410 (Embankments opening directly to
the Gulf or Ocean), 5420 (Embankments not
opening directly to the Gulf or Ocean), 5710
(Atlantic Ocean), and 5720 (Gulf of Mexico)

Water Marine Marine habitat starting at coastal breakline and
extending into the Atlantic Ocean and Gulf of
Mexico to the Study Area extent

Water Open water FLUCS 5100 (Streams and Waterways), 5200
(Lakes), and 5300 (Reservoirs)

Palustrine Palustrine cypress FLUCS 6210 (Cypress Domes/Heads, Cypress
Mixed Hardwoods) and 6240 (Cypress, Pine,
Cabbage Palm)

Palustrine Palustrine marsh FLUCS 6410 (Freshwater Marshes/Graminoid
Prairie), 6411 (Freshwater Sawgrass Marsh),
6430 (Wet Prairie), 6440 (Emergent Aquatic
Vegetation)

Palustrine Palustrine swamp FLUCS 6110 (Bay Swamps), 6170 (Mixed
Wetland Hardwoods), 6180 (Cabbage Palm
Wetland including 6191 Wet Malealeuca), 6250
(Wet Pinelands Hydric Pine), and 6260 (Pine
Savannah)

Estuarine Mangrove forest FLUCS 6120 (Mangrove Forest)

Estuarine Saltwater marsh FLUCS 6420 (Saltwater Marshes/Halophytic
Herbaceous Prairie)

Estuarine Saltwater ponds FLUCS 5430 (Saltwater Ponds)

Estuarine Tidal flats FLUCS 6510 (tidal flats)

Salinity Zone between the Buttonwood Ridge and the C111 canal.
Elevation change, and vertical accretion have been measured
every year since 1997. Transects were designed to evaluate not
only the effect of hydrology input but also the vulnerability
of scrub mangroves to current trends in sea level-rise. Here
we used a network of 10 SET–MH sites distributed within the
Northeastern Florida Bay landscape gradient (Figure 4) with
records of 20 years in length to determine the potential for
mangrove submergence due to increasing sea levels.

Wetland Habitat Transition Projections
A bathtub raster analysis method was used to evaluate how
the potential for habitat transitions, mangrove mitigation and
enhanced accretion rates might affect SLR (SLR) impacts. This
approach is not intended to predict absolute extents and depths
of inundation associated with the Southeast Compact’s sea

level elevation projections but is instead intended to look at
potential benefits accretion and habitat adaptations can have
on preserving coastal ecosystems. Best available elevation data
(see Supplementary Material) were used to calculate land
surface elevation masks representing NAVD88 elevations for
each of the 2070 SLR predictions to generate and calculate
depth rasters. Water depth and salinity tolerance principles were
applied to define transition thresholds within and between land
cover categories. Depth rasters were classified into categories
representing community transition thresholds (Table 4). For
example, when water depths exceeded 1.0 ft for palustrine
habitats, it was assumed that the environment would not be
consumed by peat collapse, as a result of saltwater intrusion
associated with SLR (Servais et al., 2019), and that it would
instead transition to a mangrove forest (Krauss et al., 2011) and
would remain a mangrove forest until water depths exceeded
2.5 ft, at which time a transition to estuarine open water
was assumed. These transition thresholds were applied to the
land cover data to predict community transition from their
existing condition to a future 2070 condition under each SLR
prediction, except for habitats not capable of transitioning due
legacy effects (e.g., tidal flats) or social pressures (e.g., urban).
Future conditions with accretion were developed by modifying
depth rasters with sediment accretion rates as a surrogate for:
(1) low TP (5–10 ppb) and moderate deliveries of freshwater
(i.e., 4.1 mm yr−1) and (2) high TP (11–20 ppb) and high
deliveries of freshwater (i.e., 11 mm yr−1) to the coastlines of
South Florida. Accretion rates were based on SET measurements
in the mangroves of Florida Bay (see “Results”) and on maximum
accretion possible in an ecosystem not limited by nutrients or
sediment inputs (i.e., 11 mm yr−1; Krauss et al., 2010).

The raster-based habitat transition steps were as follows:

1. An elevation mosaic of best available digital elevation
models (DEM) was assembled from the data described in
Table 2 to represent the bare earth elevation of the study
area coastal bathymetry and terrestrial topography. This
elevation mosaic was resampled to 3 m to create a study
area bare earth DEM.

2. SLR masks were generated by querying the elevation
mosaic with conditional statements that identified
elevations within South Florida that were less than or
equal to the NAVD88 elevation of the SLR prediction.
These results were then converted to 32-bit floating point
raster equal to the SLR prediction NAVD elevation. The
resulting raster extent is the “bathtub” extent of inundation
associated with that SLR prediction.

3. SLR prediction depth rasters were calculated by subtracting
the study area bare earth DEM from the SLR masks.

4. Land cover data were reclassified into study
land cover classes.

5. Zonal elevation statistics were calculated for each study
land cover class from the 3-m study area bare earth DEM
and used to check land cover classification delineations and
identify and correct land cover elevation outliers.

6. Land cover polygons were assigned gridcodes and
converted to 3-m rasters.
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TABLE 2 | Vertical accuracy, resolution and source agencies for the SFWMD elevation collections used to create the topo-bathymetric DEM for South Florida (South
Florida Water Management District [SFWMD], 2020; https://sfwmd.maps.arcgis.com/home/item.html?id(=ca44a6a0714d4d3daa43eba592e8b11b).

Collection name Acquistion year ASPRS vertical
accuracy

Resolution Non-vegetated
accuracy

Vegetated accuracy Source agency

Broward 2018 2018 5–10 cm or ∼2–4 in 1.6 ≤0.08 ≤0.209 USGS

C24 2018 2018 5–10 cm or ∼2–4 in 2.5 ≤0.156 ≤0.65 USACE

Eastern Charlotte 2011 2011 Unknown 5.0 ≤0.054 ≤0.292 USGS

ENP 2017 2017 5–10 cm or ∼2–4 in 1.6 ≤0.068 ≤0.253 USGS

Florida Keys 2007 2008 Unknown 5.0 ≤0.094 ≤0.186 FDEM

USGS HAED 2007 2007 Unknown 100.0 Unknown Unknown USGS

Martin 2016 2016 10 cm or ∼4 in 4.0 ≤0.08 ≤0.196 USGS

Martin/St Lucie 2007 2007 Unknown 5.0 Unknown Unknown FDEM

Miami-Dade 2015 2015 Unknown 5.0 ≤0.125 Unknown Miami-Dade County

Miami-Dade 2018 2018 20 cm or ∼8 in 5.0 ≤0.204 Unknown Miami-Dade County

Palm Beach 2017 2017 10 cm or ∼4 in 2.5 ≤0.091 ≤0.219 USGS

Southwest Florida 2018 2018 5–10 cm or ∼2–4 in 1.6 ≤0.179 ≤0.229 USACE

USACE WERP 2017 2017 Unknown 5.0 ≤0.119 ≤0.296 USACE

Yucca Pens 2016 2016 Unknown 2.5 ≤0.196 ≤0.271 SWFWMD

NOAA 1/9 Arc-Second Bathymetry 2014 Unknown 11.0 Unknown Unknown NOAA

7. SLR prediction depth rasters (Step #3) were reclassified
into three categories: depths greater than 2.5 feet, depths
between 1 foot and 2.5 feet and depths less than 1 foot and
assigned an integer gridcode.

8. Reclassified SLR prediction depth rasters were added
to land cover rasters to calculate new gridcode values
representing the combination of depth category and
land cover class.

9. Transition rules were applied to gridcode values resulting
from Step #8. Rasters were converted back to polygons
and joined with a transition rule table derived from the
thresholds defined in Table 4. Based on gridcode value,
the resulting polygons were assigned an original land
cover, land cover with transition, and a transition status
(maintained, converted to Estuarine Estuarine Water or
converted to mangrove forest).

10. Area statistics were calculated for original land cover and
land cover with transition from the polygons resulting
from Step #9. These statistics were used to quantify the
areal differences between the original land cover state and
the state after transition rules were applied.

11. To estimate land cover transition with accretion, two
accretion rasters (0.211 and 0.55 m) were generated from
the land cover data. This was accomplished by assigning
two accretion attributes to each land cover class and
then converting the land cover data from vector to
polygon using the accretion attribute for raster generation.
Areas classified as Palustrine Cypress, Palustrine Marsh,
Palustrine Swamp, Mangrove Forest, Saltwater Marsh,
and Saltwater Pond were assigned a value of 0.211 m
NAVD for the first attribute and 0.55 m NAVD for
the second attribute. All other classes were assigned
a 0 value. The accretion rasters resulting from the
vector to raster transition were subtracted from the SLR
prediction depth rasters to produce new SLR prediction

depth rasters corresponding to the 0.211 and 0.55 m
accretion magnitudes.

12. Steps #7 through #10 were repeated using the SLR
prediction accretion depth rasters.

RESULTS

Inundation Extent
The distribution of SLR Inundation across space, highlighted in
Figure 2, is the total inundation expected up to 2070. The actual
areal extent of this inundation is summarized in Table 5, where
the total area impacted was over 50% no matter the rate of SLR. As
expected, due to the extreme flatness: of southern Florida, all the

TABLE 3 | Areal extent, mean elevations and standard deviations for land cover
classes within the study area.

Land cover class Area (Sq.
kilometers)

Mean elevation
NAVD (meters)

Standard
deviation

Agriculture 1,644.50 4.79 2.15

Barren land 74.39 3.17 2.61

Estuarine water 4,805.24 −1.94 1.09

Mangrove forest 2,555.19 0.16 0.32

Marine 9,347.02 −9.87 11.31

Open water 511.57 1.47 2.27

Palustrine cypress 1,524.05 2.76 1.61

Palustrine marsh 4,471.82 1.45 1.57

Palustrine forest 2,287.07 2.54 1.71

Saltwater Marshes/Halophytic
Herbaceous Prairie

395.04 0.21 0.30

Saltwater ponds 42.04 −0.60 0.66

Terrestrial 1,329.63 4.29 2.29

Tidal flats 150.60 −0.57 0.66

Urban 5,725.03 3.45 2.20
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FIGURE 3 | The blueprint for the Sediment Elevation Table (SET) used to monitor wetland soil expansion (from root production and aeration) and subsidence (from
dewatering and decomposition) (modified from Cahoon et al., 2002).

wetland habitats are inundated, At the coastline, 2,130 sq. km of
mangrove forest were inundated (i.e., impacted) by a SLR of only
0.9 m by year 2070. This is 83% of the total mangrove landscape.
With a SLR of 1.1 m, 99.8% of the current mangrove landscape
was impacted. This same degree of inundation was found for the
saltwater marsh habitats. The Palustrine habitats showed a higher
degree of variability than the coastal habitats. The highest extent
of palustrine inundation was found for marsh habitats, where 937
sq. km (21%), 1,578 sq. km (35%), and 1,978 sq. km (44%) of
the current aerial extent of 4,472 sq. km was inundated by 0.27,

0.76, and 1.1 m of SLR by 2070, respectively. In general, the high
elevations for most of the agriculture, barren land, terrestrial and
urban categories prevented them from being inundated in the
areas around the Caloosahatchee estuary along the west coast,
along the urban lower east coast areas and the St. Lucie estuary
along the east coast (see Supplementary Materials).

Sediment Elevation Trends
Organic matter accretion and shallow subsidence dominate the
belowground processes of soil formation in the Florida Bay
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FIGURE 4 | Location of the SET sites depicted within a much larger and spatially complex vegetation mosaic along the northern border of Florida Bay. To the left of
this landscape map are two photos. The top photo is a typical low productivity dwarf red mangrove at sites with little freshwater inflows and permanently flooded by
Fl Bay water. The bottom photo is a typical productive dwarf mangrove found at sites with seasonal freshwater inflows.

coastal mangrove forests. Soil subsidence or expansion is the
result of elevation change minus accretion rate, incorporating
both surface and subsurface processes. Figure 5 illustrates

TABLE 4 | Raster-based habitat transition depth thresholds assume that
increasing depths are the result of saltwater intrusion and SLR.

Land cover
classification

Transition #1
water depth
change (ft)

Transition #1
wetland type

Transition #2
water depth
change (ft)

Transition #2
wetland type

Agriculture 1.0 Estuarine water

Barren land 1.0 Estuarine water

Mangrove
forest

2.5 Estuarine water

Saltwater
marshes

2.5 Estuarine water

Estuarine water No change

Saltwater
ponds

No change

Tidal flats No change

Marine No change

Open water No change

Palustrine
cypress

1.0 Mangrove
forest

2.5 Estuarine water

Palustrine
marsh

1.0 Mangrove
forest

2.5 Estuarine water

Palustrine
swamp

1.0 Mangrove
forest

2.5 Estuarine water

Terrestrial 1.0 Estuarine water

Urban No change

Wetland habitats can transition to mangroves before transitioning to estuarine open
water.

elevation changes and soil accretion rates in two hydrological
mangrove environments in South Florida, showing a higher
elevation change rate (3.9 mm yr−1) at frequently flooded sites
compared to permanently flooded sites (1.7 mm yr−1). We used
an accretion rate of 4.1 mm yr−1, calculated from a one of our
permanently flooded SET sites in Taylor Slough, as a potential
maximum elevation change rate for all marshes receiving some
freshwater inputs, for calculating habitat transition trends (see
below). Surface elevation table-marker horizon (SET-MH) data
indicate mangrove sites with no or little freshwater inputs are
not keeping pace with SLR rates, underlying the importance
of microtopography and hydrology as environmental factors
that needs to be more fully investigated to more precisely
determine the vulnerability of mangrove forests in surviving
future projections of SLR in south Florida.

Habitat Transition Trends
With a Sea Lever Rise of 0.27 m by 2070 and without accretion
there was a transition of total wetland cover to estuarine water
of 46 sq km (Table 6). However, with an accretion value of 0.21
m by 2070, there was a transition of wetland cover to estuarine
water of only 18 sq km and with an accretion of 0.55 m by
2070, there is transition to estuarine water of only 11 sq km.
Analysis also showed that without accretion, mangrove forests
gained at the expense of palustrine wetlands, which lost more
than 200 sq km of habitat. With accretion at either 0.211 or
0.55 m by 2070, mangrove forests and all palustrine wetlands
maintained, approximately, their original inundated land cover.
These results emphasize the importance of managing for soil
accretion if coastal wetlands are to keep up with a SLR projection
of 0.27 m by 2070.
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TABLE 5 | Areal extent of inundation within the study area.

Land cover Current condition
(sq km)

% of Study
Area

Land cover impacted by SLR
0.27 m NAVD88 (sq km)

Land cover impacted by SLR
0.76 m NAVD88 (sq km)

Land cover impacted by SLR
1.13 m NAVD88 (sq km)

Agriculture 1,644 5% 3 40 77

Barren land 74 0% 4 12 16

Estuarine water 4,805 14% 4,763 4,796 4,800

Mangrove forest 2,555 7% 2,130 2,544 2,551

Marine 9,347 27% 9,039 9,063 9,067

Open water 512 1% 187 253 276

Palustrine cypress 1,524 4% 53 139 233

Palustrine marsh 4,472 13% 937 1,578 1,978

Palustrine swamp 2,287 7% 116 365 510

Saltwater marshes 395 1% 333 393 395

Saltwater ponds 42 0% 42 42 42

Terrestrial 1,330 4% 16 75 129

Tidal flats 151 0% 149 150 151

Urban 5,725 16% 92 237 398

Total area 34,864 100% 17,863 19,687 20,621

Degree of impact 51.2% 56.5% 59.1%

With a Sea Lever Rise of 0.76 m by 2070 and without accretion
there was a transition of total wetland cover to estuarine water of
1,160 sq km (Table 7). However, with accretion values of 0.211
and 0.55 m by 2070, there was a transition of wetland cover to
estuarine water of 349 and 41 sq km, respectively. Further analysis
indicated that without accretion, mangrove forests gained land
cover (3,052 sq km) at the expense of the three palustrine
wetlands, with palustrine marsh losing about 1,200 sq km and
palustrine swamp losing about 290 sq km of land cover. With an
accretion of 0.211 or 0.55 m, the transition of wetland cover to
open estuarine water decreased to 349 and 41 sq km, respectively.
Also, with an accretion of 0.55, all three palustrine environments
generally maintained their original inundated land cover.

With a Sea Lever Rise of 1.13 m by 2070 and without accretion
there was a transition of wetland cover to estuarine water of 3656
sq km (Table 8). However, with accretion values of 0.211 and 0.55
m by 2070, the transition of wetland cover to estuarine water
was 2,060 and 422 sq km, respectively. Analysis also indicated
that without accretion, all coastal communities, particularly
mangrove forest and palustrine marsh, lost significant land cover
to estuarine water, which in-turn increased to 8,455 sq km from
the current condition of 4,800 sq km; a 176% increase. With an
accretion of 0.211 m by 2070, most of the land cover transition
was from palustrine marsh and palustrine swamp to mangrove
forest, which in-turn increased its cover by 168% relative to
mangrove forest cover without accretion (i.e., 2,492 vs. 1,478 sq
km). With an accretion 0.55 m, there was an increase of land
cover for most coastal communities, particularly for palustrine
marsh. Higher accretion rates allowed coastal communities to
transition from one coastal community to another instead of
losing wetland to estuarine waters.

Spatially explicit representation of the data summarized in
Tables 6–8, shown in Figures 6, 7, indicated that wetland
transitions to open estuarine water is greatly diminished when
palustrine marsh and mangrove forests can build peat. When

accretion accumulated to 0.211 m by 2070 (this study) and
SLR was only 0.27 m by 2070, the landscape of marshes and
mangroves was more extensive and more broadly distributed
than the current condition (compare Figures 6A,B). However,
with sea levels of 0.76 m higher than current conditions by
2070 (Figure 6C) or 1.13 m higher than current conditions
by 2070 (Figure 6D) there was a significant loss of mangrove
forest and palustrine marshes all along Florida Bay and the
southwestern region of Florida in an area known as the Ten
Thousand Islands region.

When accretion across the palustrine and coastal communities
totaled 0.55 m by 2070 (Krauss et al., 2010; Fu et al., 2018)
and SLR was only 0.27 m by 2070, the landscape distribution
of mangrove forest was much more extensive than the current
condition (compare Figures 7A,B). Under this low SLR scenario
the mangroves were able to migrate inland while maintaining the
current coastline. Even under a more significant SLR of 0.76 m
by 2070, the mangrove forest community had the potential to
maintain most of the current coastline. It was only under the
more extreme scenario of 1.13 m increase in sea level by 2070
that we saw the loss of the wetland coastline everywhere. Yet
even here there was significant evidence of mangrove migration
into the freshwater wetlands upstream. Figures 6D, 7D indicated
a dramatic increase of open estuarine waters at the expense of
the coastal plant communities, particularly when accretion was
4.1 mm yr−1 (0.211 m by 2070). With a SLR of 1.13 m by 2070,
most of the coastal communities and palustrine habitats were not
able to transition to anything other than open estuarine water.

DISCUSSION

Peat Collapse
This evaluation of SLR with a raster-based habitat transition
model has an implicit assumption that inundation with saline
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FIGURE 5 | Soil Elevation and soil accretion in Scrub Mangrove Forests in
Northeastern Florida Bay. Data are shown for two different hydrological
regimes: (A) frequently flooded, where freshwater flows are similar to what is
expected with CERP and (B) permanent flooded, where freshwater inflows
are minimal. Period of record is from 1997 to 2019.

waters will eventually lead to the peat collapse of the coastal
marshes if inundation is too high to be mitigated by above
and belowground soil accretion. The term “peat collapse” has
been used to describe a shift in soil C balance, leading to
a net loss of organic C and soil elevation, culminating in
a transition of vegetated freshwater marshes to open water
(Chambers et al., 2019). Peat collapse is a unique physical and
biological process of shallow subsidence in highly organic soils
characterized by a loss of soil strength and structural integrity
that leads to elevation loss below the threshold for emergent
plant growth and natural recovery (Chambers et al., 2019). The
process of peat loss has been documented in various coastal
wetlands (e.g., De Laune et al., 1994; Cahoon et al., 2003;

Day et al., 2011; Voss et al., 2013) and has been attributed to
a number of factors including changes in microbial processes,
increased sulfate reduction, inadequate plant production, root
death, and vegetation damage (Stagg et al., 2017; Chambers
et al., 2019). While recent research is beginning to develop a
mechanistic understanding of peat collapse in the Everglades
(e.g., Wilson et al., 2018; Servais et al., 2019; Wilson et al.,
2019), uncertainties remain particularly in regards to how
freshwater and oligohaline peat soils respond to salinization
and the relevance of salinity-induced pore dilation for matrix
deformation in peat soils.

A critical concern for the management of freshwater
and coastal mangrove ecosystems is the potential for inland
freshwater marshes, exposed to increasing sea-level rise, to
collapse (National Academies of Sciences Engineering and
Medicine, 2018) due to soil salinization and root death
(Chambers et al., 2013; Kirwan and Megonigal, 2013; Stagg et al.,
2017). If mangrove forests cannot maintain wetland functionality
by expanding into regions unable to adapt to the salinity changes
associated with increasing sea levels, then significant coastal
wetland loss may occur, dramatically altering and increasing the
vulnerability of the south Florida coastline.

Soil Elevation and Accretion
In South Florida long-term rates of elevation change and
accretion have a strong reliance on belowground biomass and
autochthonous processes to maintain elevation. Storm surges can
deposit 10–80 mm in southwest mangrove forests and ∼5 mm
in Florida Bay coastal forests (Koch et al., 2014; Feher et al.,
2019). Storms can also destabilize sediments especially when they
cause high forest mortality and peat collapse, usually taking 3-
years to recover (Cahoon et al., 2003). To put these data in a
regional perspective, mangroves in the wider Caribbean typically
kept pace with SLR rates of 2–4 mm yr−1, but not at 5 mm
yr−1 during the Holocene period (McKee et al., 2007). While
McKee et al. (2007) found fringe forests in Belize could gain
elevation at an average rate of 4.1 mm yr−1 (1.6 mm from
accretion and 2.5 mm from subsurface expansion), Wanless
et al. (1994) argue based on the past geologic record that
any sustained SLR rates at or faster than 2.3 mm yr−1 will
ultimately cause complete coastal erosion in South Florida.
The coastal Everglades mangrove forests would move inland
as the coastal zone they currently occupy converts to open
water and mudbanks.

Another important point to consider when looking at
habitat transitions is the increase in forest floor elevations
with hurricanes. For example, the Wilma storm surge in
2005 deposited ∼5 to 10 mm of sediment at the Florida
Bay sites highlighting the importance of hurricane tide surge
for transporting sediment to microtidal mangrove forests
(Castaneda-Moya et al., 2010). Elevation changes in the larger
stature southwestern Florida peninsular coastal mangrove forests
(Feher et al., 2019; Howard et al., 2020) showed that these
forests had a high increase in soil elevation right after Hurricane
Irma but the long-term elevation change rates of ∼1–3.9 mm
yr−1 were similar to that of the smaller microtidal forests of
Florida Bay (Table 9). These data from south Florida mangrove
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TABLE 6 | Land cover changes in the coastal study area as a function of no accretion and total accretion elevations of 0.21 and 0.55 m, and a SLR of 0.27 m
by the year 2070.

Land cover No accretion Accretion 0.211 m Accretion 0.55 m

SLR 0.27 m NAVD SLR 0.27 m NAVD SLR 0.27 m NAVD SLR 0.27 m NAVD

Original inundated land
cover

Land cover with transition Land cover with transition Land cover with transition

Area (sq km) Area (sq km) Area (sq km) Area (sq km)

Estuarine water 4,763 4,809 4,809 4,809

Mangrove forest 2,130 2,321 2,138 2,119

Palustrine cypress 53 45 53 53

Palustrine marsh 937 727 913 937

Palustrine swamp 116 104 114 116

Saltwater marshes 333 328 332 333

Saltwater ponds 42 42 42 42

Total wetlands 3,610 3,568 3,591 3,599

Transition of wetland cover
types to estuarine water

NA 46 18 11

TABLE 7 | Land cover changes in the coastal study area as a function of no accretion and total accretion elevations of 0.21 and 0.55 m, and a SLR of 0.76 m
by the year 2070.

Land cover No accretion Accretion 0.211 m Accretion 0.55 m

SLR 0.76 m NAVD SLR 0.76 m NAVD SLR 0.76 m NAVD SLR 0.76 m NAVD

Original inundated land cover Land cover with transition Land cover with transition Land cover with transition

Area (sq km) Area (sq km) Area (sq km) Area (sq km)

Estuarine water 4,796 5,956 5,956 5,956

Mangrove forest 2,544 3,052 3,194 2,651

Palustrine cypress 139 58 96 136

Palustrine marsh 1,578 311 725 1,445

Palustrine swamp 365 173 290 358

Saltwater marshes 393 312 364 388

Saltwater ponds 42 42 42 42

Total wetlands 5,061 3,948 4,712 5,019

Transition of wetland cover
types to estuarine water

NA 1,160 349 41

TABLE 8 | Land cover changes in the coastal study area as a function of no accretion and total accretion elevations of 0.21 and 0.55 m by 2070, and a SLR of 1.13 m
by the year 2070.

Land Cover No Accretion Accretion 0.211 m Accretion 0.55 m

SLR 1.13 m SLR 1.13 m SLR 1.13 m SLR 1.13 m

Original inundated land cover Land cover with transition Land cover with transition Land cover with transition

Area (sq km) Area (sq km) Area (sq km) Area (sq km)

Estuarine water 4,800 8,455 8,455 8,455

Mangrove forest 2,551 1,478 2,492 3,213

Palustrine cypress 233 80 122 186

Palustrine marsh 1,978 348 533 1,060

Palustrine swamp 510 133 231 422

Saltwater marshes 395 107 227 361

Saltwater ponds 42 42 42 42

Total wetlands 5,708 2,188 3,647 5,285

Transition of wetland cover
types to estuarine water

NA 3,656 2,060 422
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FIGURE 6 | Results of the habitat transition model and a wetland annual accretion rate of 4.2 mm yr−1. (A) Current habitat distribution; (B) Projected habitat
distribution by 2070 with a SLR of 0.27 m (0.9 ft); (C) Projected habitat distribution by 2070 with a SLR of 0.76 m (2.5 ft); (D) Projected habitat distribution by 2070
with a SLR of 1.1 m (3.7 ft).

forests indicate that on average mangrove forests can keep pace
with current SLR but would have difficulty at rates projected
for 2070. Although our habitat transition projections cannot be
used to direct restoration it does indicate that we should expect
significant shoreline transgression and ecosystem degradation
without restoration and that we can preserve a high degree
of ecological function, shoreline protection and habitat quality
with restoration.

Transition Thresholds and Mangrove
Migration
There is empirical evidence of mangrove movement into
upstream freshwater marsh in the Everglades. During the mid-
1940s, the marshes in the southeastern saline Everglades were
arranged in well-defined plant communities running parallel to
the coast, with shrub mangroves dominating along the coast and
graminoid-mangrove communities and Cladium dominating
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FIGURE 7 | Results of the habitat transition model and a wetland annual accretion rate of 11 mm yr−1. (A) Current habitat distribution; (B) Projected habitat
distribution by 2070 with a SLR of 0.27 m (0.9 ft); (C) Projected habitat distribution by 2070 with a SLR of 0.76 m (2.5 ft); (D) Projected habitat distribution by 2070
with a SLR of 1.1 m (3.7 ft).

farther inland (Meeder et al., 2017; Ross et al., 2000). However,
by 1994, the boundary of the mixed graminoid-mangrove and
Cladium communities had shifted inland by 3.3 km (Ross et al.,
2000). The interior boundary of this low-productivity zone
moved inland by some 1.5 km. A smaller shift in this “white zone”
was observed in an area receiving freshwater overflow through
gaps in the southeastern Everglades C-111 canal. These large-
scale vegetation dynamics appear to be the combined result of
SLR (approximately 10 cm since 1940) and water management

practices in the southeastern saline Everglades (Meeder and
Parkinson, 2018; Sklar et al., 2019).

Paleoecology studies confirm (Ross et al., 2000) the
transgressive encroachment of coastal mangroves into
historically freshwater marshes. Cores from Upper Joe Bay,
approximately 5 km north of the Florida Bay coastline, display
a transgressive stratigraphic sequence of sawgrass peat-marl
to marl to mangrove peat-marl and documenting saltwater
encroachment in the southeastern saline Everglades. The date
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TABLE 9 | Comparison mangrove forests elevation change in mm yr−1 from
scrub, riverine, fringe and basin mangrove forests in South Florida.

Location Forest type Soil elevation
change

(mm yr−1)

Soil accretion
(mm yr−1)

Shallow
subsidence
(mm yr−1)

Florida Baya Scrub (FF) 3.9 2.1 −1.8

Scrub (PF) 1.7 1.9 0.2

Lostmans
Riverb

Riverine 3.5 4.6 1.1

Rookery Bay Basin 3.9 2.0 −1.9

Twin Caysc Fringe 4.1 1.6 −2.5

Twin Caysc Scrub −3.7 0.7 4.4

Kosraed Riverine −3.0 11.0 14.0

Hainane Riverine 8.6 13.2 4.6

Hainane Riverine 7.8 7.4 −0.4

Negative values for shallow subsidence indicate soil expansion. Data from 1997 to
2019 in fringe and scrub forests in Florida Bay (Taylor Creek Basin) under frequently
flooded (FF) and permanently flooded (PF) sites, Lostmans River Florida, Rookery
Bay Florida, Twin Cays Belize, Kosrae, Micronesia, Hainan, China.
Data from aThis study; bFeher et al. (2019), cMcKee et al. (2007), dKrauss et al.
(2010), eFu et al. (2018).

is based on 210Pb dating of these mangrove peat-marl cores
indicate an average accretion rate of 3.2 mm per year (Willard
and Bernhardt, 2011).

Management Implications
Although this was a very coarse representation of the dynamics
of accretion, mangrove migration and palustrine marsh
transition in the face of SLR, it served to demonstrate the
principle of RAD resource management (Lynch, in press).
Ecosystem transformations around the world are occurring
at unprecedented rates and spatial extents due to pollution,
invasive species, land cover changes, and now, climate change
and SLR. Transformations are defined by Beever (2006)
and Lynch (in press) as the emergence of a self-organizing
ecological system, like an open waters estuary, that diverges
significantly and irreversibly from prior historical ecosystem
structure and function. Lynch (in press) argued that new
thoughtful, holistic resource management and restoration
requires iterative learning (e.g., adaptive management) and
a strategy tailored to consider the need to Resist, Accept or
Direct (RAD) ecosystem transformations. To Resist ecosystem
transformations, actions focus on maintaining current or
historical ecosystem composition and function. To Accept
transformations, by not intervening, society yields to the
emergence of the structure and function of the transformed
ecosystem. To Direct a transformation, resource management
accepts change is inevitable, but decides to intervene to steer
the ecosystem toward a particular structure and function.
According to this RAD approach there are three feasibility
criteria to consider when deciding which RAD strategy is
appropriate and practical: ecological, societal, and financial. Our
mangrove transition analysis suggests that scenarios that increase
freshwater flows to the coastal wetlands and thus enhance both
above and belowground processes of accretion can Direct rising
sea levels toward less peat collapse, less land loss and expanded
mangroves forests via migration into palustrine habitats.

Building a Better Model
The model presented here is of limited utility for testing specific
resource management options because it is based on a very broad
conceptualization of habitat specific transition thresholds and
accretion rates, and because a bathtub approach like ours does
not capture the true hydrological dynamics and complexities of
South Florida. Future empirical and experimental research is
needed to reduce the uncertainties associated with: (1) saltwater
intrusion impacts to soils, sediments and plants; (2) habitat-
specific inundation and water quality transition thresholds;
and (3) mechanisms of enhanced mangrove productivity and
inland migration. Directed coastal zone management, focused
upon minimizing land loss in the face of SLR, will need
a dynamic ecosystem succession model that integrates the
impacts of extreme water levels due to upstream events and
storm surge, especially if the goal is to preserve coastal
wetland ecosystem services such as, flood control, aquifer
protection, fisheries productivity and landscape biodiversity.
Future analytical and modeling research is needed to do a better
job of reducing the uncertainties associated with: (1) SLR and
climate change; (2) landscape evolution, transformation and
change and (3) the integration of bio-geomorphic changes (i.e.,
subsidence and accretion) with hydrodynamics flow patterns,
stage and extreme events.

CONCLUSION

To be clear, this spatial analysis does not suggest a “Pollyanna”
solution to SLR in South Florida. Marine transgression with SLR
will cause saltwater intrusion (surficial and groundwater) and
significant environmental impacts. The results also indicate that
on average mangrove forests can keep pace with current SLR
but would have difficulty at higher SLR scenarios projected for
2070. We are aware that a deeper unpacking of storm surges
and other forms of extreme climatic events is needed. Yet,
there was significant evidence of mangrove migration into the
freshwater wetlands upstream. The movement of the mangrove
community into the freshwater marsh habitat, facilitated by
increased freshwater inflows, tidal surge salt wedge incursion
and propagule recruitment (Cahoon et al., 2006; Doyle et al.,
2010; Smoak et al., 2013; Raabe and Stumpf, 2016) is a
Directed adaptation that shows a great deal of promise. Increased
freshwater flows could stave off projected saltwater intrusion
and facilitate mangrove inland migration under less salty water
conditions (Raabe et al., 2012). Thus, maintaining lower salinities
could make the mangrove community more resilient. In the end,
forest soil vertical elevation must keep pace with current and
projected accelerated SLR to reserve the vital ecosystem services
provided by this unique wetland.

The extent of inundation depicted in this analysis does
not include upstream headwaters effects or specific habitat
mechanisms that build peat. This bathtub modeling approach
of ours, compared to more sophisticated hydrodynamic
and ecological modeling approaches has been found
to over-estimate inundation because it does not take
friction and other hydrodynamic forces into consideration
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(Neumann and Ahrendt, 2013). However, our approach allowed
us to conceptualize the issue and the impact. Next steps
are to apply more complex models, build understanding of
the role each cover type has in generating the friction that
would reduce the inland migration of coastal waters and to
design studies to look at community response and transitions
due to SLR.
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