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Analysis of four South Florida tide gauges, with records ranging from 27 to 116 yrs., indicate the average rate of
sea-level rise has accelerated from 3.9 mm yr~! (1900-2021) to 6.5 mm yr—! (2000—2021), and 9.4 mm yr!
over the past decade. Future rates are forecast to accelerate over the duration of this century. A predictive
conceptual framework (model) was developed in which the resilience of South Florida mangrove plant com-
munities is solely a function of the rate of sea-level rise and vertical sediment accumulation. The model was
verified using historical (e.g., 1900-2021) and recent (e.g., 2000-2021) sediment accumulation rate data derived
using three different methodological approaches. Results indicate by 2040-2050 South Florida mangrove plant
communities, already subjected to the destabilizing effects of accelerating sea-level rise for decades, will begin a
widespread conversion to estuarine conditions. This will initially trigger the formation and expansion of inun-
dation ponds, as is already occurring in the study area. By the end of this century, most mangrove forested areas
will be submerged. The loss of other coastal wetlands (e.g., brackish marsh) is also likely because their rates of
sediment accumulation are lower than mangrove. The findings of this study are consistent with other resilience
projections that have been conducted in South Florida and at the global scale. Several knowledge gaps were
identified which must be filled to improve confidence in subsequent forecasts and the outcome of mitigation
efforts undertaken to enhance resilience. These include the lack of (1) sediment accumulation data representative
of transitional and freshwater wetlands, (2) a robust understanding of post-depositional processes (e.g.,
compaction) that can compromise resilience through shallow (~1 m) subsidence, and (3) recent sediment
accumulation data necessary to determine how South Florida coastal wetlands have responded to a sustained
acceleration in the rate of sea-level rise over the last decade.

Sediment accumulation rates

1. Introduction yrs., the global rate of SLR has accelerated from 1.3 mm yr!

(1901-1971) to 1.9 mm yr~! (1971-2006), and further increasing to 3.7

Coastal wetlands occur at the land-sea interface and are susceptible
to changes in sea level (e.g., direction, magnitude, rate). Over the past
several thousand years, sea level has been relatively stable (rate <1 mm
yr~1) in North America (Donoghue, 2011; Kopp et al., 2015) and glob-
ally (Nicholls and Cazenave, 2010). Under these conditions, trends in
wetland distribution, ecology, and sedimentation were primarily
constructive because the relatively slow rate of sea-level rise (SLR) was
generally exceeded by the capacity of coastal wetland plant commu-
nities to keep pace through vertical sediment accumulation and lateral
migration. This provided conditions for the formation, stabilization, and
expansion of coastal wetlands (Farron et al., 2020; Goff and Chague-
Goft, 1999; Mackenzie et al., 2020; Parkinson, 1989). Over the past 120
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(2006-2018) (Masson-Delmotte et al., 2021). Human influence was very
likely the main driver since 1971. Faster rates (4.2-7.9 mm yr~ ' from
2040 to 2060 and 4.3-15.9 mm y'r_l from 2080 to 2100) are forecasted
towards the end of this century (Fox-Kemper et al., 2021).

Forecasts of accelerating rate of SLR in association with climate
change have triggered myriad investigations designed to improve our
understanding of how coastal wetlands will respond through adjust-
ments in vertical sediment accumulation, lateral migration, and ulti-
mately their fate or resilience over time (Chambers et al., 2021; Doughty
et al., 2019; Holmquist et al., 2021; Lovelock et al., 2021; Meeder et al.,
2021; Rogers, 2021; Saintilan et al., 2021). Of particular concern is the
potential loss of the global, regional, and local ecosystem services they
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provide (Barbier et al., 2011; Craft et al., 2009). These concerns are
especially acute in South Florida (Koch et al., 2015; Obeysekera et al.,
2015) as saltwater encroachment has been shown to decrease root-
biomass production, organic carbon storage, and rates of vertical sedi-
ment accumulation (Charles et al., 2019; Kominoski et al., 2021; Servais
et al., 2018; Wilson et al., 2018). Prior to this investigation, South
Florida historical rates of SLR were reported as 2.4 mm yr~! at Key West
(1932-2013) (Maul and Martin, 2015) and ~ 4.5 mm yl'_1 at Virginia
Key (pre-2006) (Wdowinski et al., 2016). More recently, the rate of SLR
has been reported as 6.3 mm yr~ ! at Key West (2003—2012) (Breithaupt
et al., 2017) and between 5.9 mm yr_1 (2005-2015) and 9 mm y'r_l
(post 2006) at Virginia Key by Park and Sweet (2015) and Wdowinski
et al. (2016), respectively. The 6-9 mm yr! rates of sea-level rise
detected in south Florida since 2003 are significantly higher than the
3.2-3.7 mm yr~ ' global mean sea level rise rate calculated for the same
time period (e.g., Masson-Delmotte et al., 2021). Similar high rates of
sea-level rise were detected along most of the southern and middle US
Atlantic coast and were attributed to ocean dynamic effects, including
the slowing of the Gulf Stream (e.g., Ezer, 2013, 2019) and temperature
increase of the Florida Current (Domingues et al., 2018).

Research on the capacity of coastal wetlands to keep pace with recent
and future accelerations in the rate of SLR has yielded mixed results.
Some have argued they have the capacity to accommodate future ac-
celerations (Breithaupt et al., 2020; Kirwan et al., 2016; Schuerch et al.,
2018). Others have provided evidence of a sediment accumulation rate
(SAR) deficit, habitat loss, and/or conversion to open water (Hatton
et al., 1983; Lagomasino et al., 2021; Valiela et al., 2018). These dif-
ferences are largely attributed to the timescale over which estimates of
SAR are measured and the availability of horizontal accommodation
space into which they can migrate (Holmquist et al., 2021; Torngvist
et al., 2021). While there have been numerous studies suggesting
accelerating SLR will ultimately result in submergence and retreat, most
have not constrained the timing of this transition other than to say it is
inevitable or likely by the end of this century (c.f., Breda et al., 2021).
The only exception appears to be Saintilan et al. (2020) and Sklar et al.
(2021), who suggested the global and regional tipping point for man-
groves will occur within the next 30 to 50 yrs., respectively.

This project was designed to answer the question how will South
Florida coastal wetlands respond to future conditions of accelerating SLR? To
answer this question, a conceptual framework or model was constructed
to forecast resilience based upon a comparison between historical
(~1900 to present) and recent (2000-present) rates of SLR and sediment
accumulation. The term resilience is used in the broadest sense and
considers the capacity of a coastal wetland to sustain its ecosystem
structure, function, and service under conditions of SLR and concomi-
tant saltwater intrusion. Resilient wetlands can sustain their structure,
function, and service by accumulating organic and inorganic sediment at
rates equivalent to the commensurate rate of SLR. Those that cannot
become unstable, degrade (Yando et al., 2021), and transition into a
more salt-tolerant plant community, bare mudflats, open water ponds or
a subtidal environment. This type of analysis has been previously con-
ducted on a limited scale (e.g., mono-specific taxonomic focus, small
geographic area). In contrast, the research described herein is based
upon an aggregate of historical and recent published data obtained from
numerous coastal wetland habitats (e.g., salt, brackish, fresh) and
methodological approaches (e.g., radioisotope geochronologies, Sedi-
ment Elevation Table Marker Horizon or SETMH) located within a broad
geographic area. The data were interrogated to (1) estimate when the
threshold rate of survival (Saintilan et al., 2020) and subsequent loss of
extant South Florida coastal wetlands is likely to occur and (2) advance
our understanding of the mechanics and consequences of timescale bias
(Breithaupt et al., 2018; Parkinson et al., 2017; Torngvist et al., 2021)
and differing methodological approaches on the outcome of resilience
projections.
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2. Material and methods
2.1. Study area

The South Florida study area (Fig. 1) consists of about 7200 km? of
coastal wetlands located in the Southeast Saline Everglades (SESE),
Northeast Florida Bay (NEFB), Lower Florida Keys (LFK), Southwest
Everglades National Park (SWENP), the Ten Thousand Island National
wildlife Refuge (TTI) and Rookery Bay National Estuarine Research
Reserve (RB). South Florida coastal wetlands historically existed in
concentric bands or belts (Egler, 1952) roughly parallel to the coastline
and extending inland as much as 20 km. The predominant habitats
include mixed (e.g., red, black, white) mangrove (e.g., fringe, forest,
basin), scrub mangrove, salt and brackish marsh, wet prairie, and
freshwater marsh. Substantial dewatering of the Greater Everglades
watershed began in the 1880s and these diversions continue to restrict
the flow of freshwater in the coastal wetlands and disrupt ecosystem
structure and function (Dessu et al., 2018; McVoy et al., 2011). In tan-
dem with historical and recent increases in the rate of SLR, this has
promoted saline surface and groundwater encroachment into freshwater
environments, as has been locally documented (Gaiser et al., 2006;
Meeder et al., 2017), and a landscape level migration of salt-tolerant
wetlands inland (Howard et al., 2020; Krauss et al., 2011; Ross et al.,
2000) to create a transgressive sediment succession consisting entirely
of autochthonous material (e.g., organic matter, calcitic mud or marl)
(Meeder et al., 2021).

The study area is located on a low latitude, gently sloping, tectoni-
cally stable carbonate platform. There are no substantial sources of
allochthonous (i.e., inorganie, clastic) sediment (Chambers et al., 2015).
As a result, sediment production and accumulation are solely the fune-
tion of biological processes (Meeder et al., 2021). Bedrock is generally
less than a few meters below grade (Egler, 1952; Hoffmeister et al.,
1967). The combination of the study area's geologic, geomorphic, and
ecologic attributes yields a stable landscape that responds quickly to
subtle changes in sea level. These responses are ultimately preserved in
the sedimentologic and stratigraphic record.

2.2, Methods

2.2.1. Trends in historical and recent sea level

Linear trends and periodic changes of sea level in South Florida were
obtained by analyzing 27-116 year-long tide gauge records of four
NOAA stations: Naples (NA), Key West (KW), Vaca Key (VC), and Vir-
ginia Key (VK). The analysis was based upon NOAA mean sea level
(MSL) monthly data products sampled at 6-minute intervals (NOAA,
2021), including monthly mean, lowest, and highest values.

Trends of sea level change were characterized using a multi-
parameter linear least-square estimator, which provides both best-fit
parameters and their uncertainties. The best-fit analysis was conduct-
ed using Python's scipy.optimize.curve fit function. The analyses
included linear fit (two parameters: intercept and slope) and linear +
periodic (sinusoidal) fit (four parameters: intercept, slope, amplitude,
and phase). To simplify the periodic signal calculations, the sinusoidal
fit was conducted as a best-fit of sine and cosine periodic signals with
zero phase. Using trigonometric relations, the best-fit amplitudes of the
sine and cosine can be converted to the amplitude and phase of the
single periodic signal. The periodic signal was set a priori to 18.61 years,
which is the lunar tide periodicity, and has a significant impact on mean
and high sea level changes (Peng et al., 2019).

Both the linear and linear + periodic best-fit analyses were applied to
three time series representing monthly mean, lowest, and highest sea
level using four subsets of the monthly data products to detect linear
trend changes during different time periods. The four subsets were:
entire length of record (start point until 2021.5), start point until 2000,
2000-2021.5, and 2010-2021.5. The amplitude and phase of the peri-
odic signals were determined using the best-fit estimation of the entire
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Fig. 1. Regional location map of South Florida peninsula.
White stars mark the locations of the four tide gauges used
in this study. Colored circles indicate approximate loca-
tion and plant community type from which published
sediment accumulation rate data were used in this study.
SESE = Southeast Saline Everglades. NEFB = Northeast
: Florida Bay. LFK = Lower Florida Keys. ENP = Everglades

National Park. SRS = Shark River Slough. SWENP =
* Southwest Everglades National Park. TTI = Ten Thousand
Islands National Wildlife Refuge. RB = Rockery Bay Na-
tional Estuarine Research Reserve0O02E.

North America

wr O *
* O Vaca Key

Key West

dataset. When calculating linear + periodic fit with shorter span subsets,
the amplitude and phase detected from the entire dataset was super-
imposed because the amplitude and phase of the 18.61 year long nodal
tide periodicity can vary significantly when analyzing short subsets
(<30 years). The values generated in this analysis are based on the linear
+ periodic calculations because these calculations provide better fit to
the observations.

2.2.2. Sediment accumulation rates

Sediment accumulation rates representing the major coastal wetland
plant communities in the region were aggregated from the published
literature. This was accomplished by searching (e.g., Google, Google
Scholar, FIU Libraries, authors' personal library) for relevant publica-
tions on the topic (e.g., sediment accumulation rate, sediment accretion
rate, SETMH) and within the study area. The authors also sought data by
directly contacting colleagues who have worked on this topic in South
Florida. The sediment accumulation data were utilized in this study if it
was presented in numerical format (e.g., 3.0 mm yr~!) or in a graphical
format wherein the values could be confidently converted to a numerical
value (e.f., Smoak et al., 201 3). The data were classified into one of three
groups based on the method used to quantity SAR: core lump sum, core
section intervals, and SETMH. Core lump sum SAR are based upon the
analysis of a sediment core using radioisotope geochronologies (}37Cs,
21%p}) (Delaune et al., 1978; Lynch et al., 1989). The results are reported
as the historical average SAR for the entire core interval analyzed. Core
section interval analysis emerged more recently, in which SAR data are
reported as interannual values for specific sample intervals (typically
1-2 em), corresponding depth and estimated age (c.f., Smoak et al,
201 3). The interannual SAR data provides a basis for evaluating wetland
resilience at historical, decadal, and recent timescales (Breithaupt et al.,
2017). The SETMH method quantifies vertical accretion of above ground
sediment deposition based upon measurements of sediment thickness
above a marker horizon generally obtained at 6 months to 1 yr intervals.
Changes in ground-level elevation are acquired simultaneously by
measuring the displacement of a cluster of vertical pins relative to the
station's elevation, which is precisely surveyed to a common datum (e.g.,

Google Earth

NAVDS88). The difference between the two values is attributed to sub-
sidence. The technique has evolved since it was first introduced (Bou-
mans and Day, 1993; Callaway et al., 2013; Childers et al., 1993). The
most recent configuration (Cahoon et al., 2002) is now widely utilized
throughout the world (Lovelock et al., 2015; Webb et al., 2013). In this
study, the vertical acecretion values were used to calculate SAR.
Consideration of the potential effects of below-ground, post-depositional
processes on resilience were considered later.

2.2.3. Coastal wetland resilience

The resilience or fate of coastal wetlands was first hindcast by
comparing various temporal combinations of historical and recent rates
of SLR and published SAR data obtained from South Florida coastal
wetlands. In contrast to other areas in the conterminous U.S. (e.g.,
Northern Gulf of Mexico, Hatton et al., 1933; Central and Northern
Atlantic coast; Karegar et al., 2016), predictions of the response of
coastal wetlands to SLR in South Florida do not have to consider vertical
land motion caused by tectonic and isostatic adjustments or surface
elevation changes caused by deep subsidence (aka., sediment consoli-
dation) (Lynch et al., 2015; van Dobben et al., 2022). The projections are
further simplified because there are no significant sources of inorganic
allochthonous sediment that must be considered (c.f., Rogers, 2021).
Therefore, resilience is simply modeled as the difference between the
rate of SLR and SAR. As others have done (Osland et al., 2020; Sklar
et al., 2021), a linear rate of change was assumed for both SLR and SAR
over the duration of time being considered.

Forecasts of extant coastal wetland resilience were based upon a
comparison between average historical and recent SAR and forecasted
rates SLR to the end of this century. This is a common strategy, which
has been locally used in Florida (Feher et al., 2020; Howard et al., 2020;
Lynch et al., 1989; Parkinson et al., 1994; Sklar et al., 2021) and other
locations throughout the world (Arias-Ortiz et al., 2018; Craft, 2012;
Delaune et al., 1978; Lovelock et al., 2015; Saintilan et al., 2020; Webb
et al., 2013). Predictions hinge on the magnitude and sign of the dif-
ference between the rate of SLR and SAR. If the rate of SLR exceeds the
SAR (aka SAR deficit), instability (e.g., in situ degradation as defined by
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Yando et al., 2021; habitat loss) is predicted. The larger the sediment
deficit, the more rapid and widespread the destabilization. Strati-
graphically, this generates a transgressive depositional succession con-
sisting of a basal coastal wetland interval (e.g., freshwater peat, marl)
that is overlain by sediments associated with more salt-tolerant plant
communities (e.g., mangrove peat), mudflats, or open water (e.g.,
estuarine muds, organic floc, surface of non-deposition). If the rate of
SLR equals SAR, a steady state is predicted. This produces a contiguous
mono-specific sediment succession. If the rate of SLR is less than SAR
wetland habitats are predicted to expand in both the vertical and lateral
direction. Stratigraphically, this produces a regressive depositional
succession of sediment types representing plant communities with ever
shorter hydroperiods and/or an increasing tolerance to freshwater. Ex-
amples of all three sediment successions and their relationship to South
Florida SLR can be found in Parkinson (1989). Three timescales were
considered: historical (1900-2021), recent (2000-2021, 2010-2021),
and future (present—2100).

Resilience was initially hindcast to determine whether the modeled
outcomes were consistent with the published descriptions of coastal
wetland evolution reported for the same area and timeframe. Similarity
between the hindcasts and the outcome of previous studies provided a

Naples (FL) - Monthly average Low, Mean, and High (WL = 18.61 yrs)
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basis for validating the capacity of the conceptual model to accurately
forecast the fate of coastal wetlands in South Florida under future con-
ditions of accelerating SLR.

3. Results
3.1. Trends in historical and recent sea level

Historical SLR (1900-2021) (Fig. 2, Table 1) varied between the four
stations, but on average was 3.8 mm yr~'. Differences between the sea-
level data recorded at each station are a consequence of variations in
surface temperature, prevailing wind, semi-annual (e.g., sunny-day) and
long-term (e.g., nodal) tidal cycles, the regional coastal sea level
fingerprint (Mitrovica et al., 2009) and oceanic circulation (e.g., the Gulf
Stream) (Ezer, 2020) unique to each location. During the 21st century,
the average rate of SLR in South Florida was 6.5 mm yl‘_1 (2000-2021)
and 9.4 mm yr_:l (2010-2021). Hindcasts of historical and recent trends
in wetland resiliency were based upon sea-level records collected at the
Key West station because: (1) it is the longest period of record, (2) is
located in the same ocean basin as the vast majority of published
accumulation data utilized in this study and (3) the Virginia Key site is

Fig. 2. Historical (all available data) and recent

(2000-2021) mean high, mean, and mean low water
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Table 1

Historical and recent average rates of sea level rise (mm yr~') in South Florida.
Global value from Masson-Delmotte et al. (2021). Error expressed as uncertainty
level.

Station Historical Recent

1900-2021 2000-2021 2010-2021
Naples 3.07 £ 0.1 6.95 + 1.0 11.85 + 4.3
Key West 252+0.1 6.58 + 1.1 972+ 44
Vaca Key 4.06 + 0.1 6.05 + 1.0 7.34 + 4.2
Virginia Key 576 + 0.4 6.30 +1.2 873+ 4.1
Average 385+12 6.47 £ 0.3 941+ 1.6
Global 1.3+ 08 37+05 3.7 £ 05

subjected to multidecadal variations in elevation associated with the
Florida Current (e.g., Atlantic Overturning Circulation, see Ezer, 2013)
to which all (n = 43) but the Southeast Saline Everglades (SAR locations
= 4), Northeast Florida Bay (SAR locations = 3), and Lower Florida Keys
(SAR locations = 5) coastal wetlands are not directly subjected.

3.2. Sediment accumulation rates

A total of 270 SAR values were obtained from 10 published South
Florida studies (Fig. 1, Table 2). The complete dataset is available in
Parkinson (2022). Ninety-five percent of the data were acquired in
mangrove habitat. Seventeen core lump sum SAR values were obtained
from the region. Eighty-seven percent (n = 26) of these data were ob-
tained from mangrove habitat. The other values (n = 4) where acquired
in the wet prairies of the Southwest Saline Everglades. The average lump
sum SAR for South Florida mangroves was 2.4 mm yr_l (S.D. 0.6) from
samples obtained from Southwest Everglades National Park, 2.4 mm
yr_l (S.D. 2.4) from the Ten Thousand Islands, and 1.7 mm yr_l (S.D.
0.5) in Rookery Bay. The average SAR for the wet prairies of the
Southeast Saline Everglades was 1.4 mm yl'_l (S.D. 0.3).

Two hundred and twenty-five core section interval SAR values were
obtained from previously published investigations. One hundred

Table 2
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percent of these data were obtained from mangrove habitat. The core
section interval data were organized into two groups based upon
geographic location: Lower Florida Keys and Southwest Everglades
National Park. Historical (e.g., 1900-2021) mangrove SAR in the Lower
Florida Keys (n = 52) average 2.3 mm yr_1 (S.D. = 0.1) and range from
0.8 mm yr_l (1905) to 5.6 mm yl'_l (2014). Recent (e.g., 2000-2021)
mangrove core section interval SAR in the Lower Florida Keys (n = 9)
average 3.7 mm yr~! (S.D. 0.5) and range from 2.7 mm yr~! to 5.6 mm
yr~L. Historical mangrove core section interval SAR in Southwest Ev-
erglades National Park (n = 173) average 3.7 mm yl'_l (S.D. =1.9) and
range from 0.4 mm y‘r_l (1909) to 11.6 mm yl'_l (2006). Recent
mangrove core section interval SAR in the Southwest Everglades Na-
tional Park (n = 35) average 5.8 mm yr_1 (S.D. 2.1) and range between
2.7 mmyr~! and 11.6 mm yr~'. When the core section interval SAR data
derived from mangrove habitat in the Lower Florida Keys and Southwest
Everglades National Park were evaluated on an interannual timescale,
SAR at both locations increased towards the present (Fig. 3), with the
SAR between 1900 and 1960 lower than the Key West historical rate of
SLR (2.5 mm yr~ 1y in the Lower Florida Keys (mean = 1.4 mm yr~ 1 sD.
= 0.4) and SWENP (mean = 1.8 mm yl'_l, S.D. = 0.6). Thereafter
(1961-2021), SAR at both locations exceeded historical rates of SLR
(Lower Florida Keys mean 2.9 mm yr~!, 5.D. = 0.8; Southwest Ever-
glades National Park mean 4.4 mm yr~!, $.D. = 1.7).

Fifteen SAR values were obtained from the SETMH studies conducted
in South Florida (Fig. 4, Table 2). The period of observation for the data
collected in Northeast Florida Bay and SWENP extended from 1998 to
2008 (Koch et al., 2015) and 2002-2018 (Feher et al., 2020), while the
period of data collection in the Ten Thousand Islands National Wildlife
Refuge began in 2012 and ended in 2017 (Howard et al., 2020). The
Rookery Bay National Estuary Research Reserve SETMH data (Cahoon
and Lynch, 1997) were acquired between 1994 and 1996. For this study,
all SETMH data were considered representative of recent time. Seventy-
four percent (n= 11) of the data were acquired in mangrove habitat. The
average mangrove SAR (Table 2) ranged from 0.2 mm yr~' (Lower
Florida Keys) to 6.2 mm yr_l (Ten Thousand Islands). The SAR of the

Summary of sediment accumulation rate data used in this study organized by source of record, location, and habitat type.

Accumulation rate (mm yr~')

Historical Recent Source
Source of Location  Habitat type n Method Min. Mean  Std. Max. Min. Mean  Std. Max.
record dev. dev.
Lump sum SESE Wet prairie 4 Pb*1° 1.0 1.4 0.3 1.6 - - - - Meeder et al., 2017
SWENP  Mangrove 13 Pb*1° 1.5 2.4 0.6 3.4 - - - - Breithaupt et al., 2017
TTI Mangrove 5 Pb210 1.9 2.4 0.5 3.2 - - - - Breithaupt et al., 2017
RB Mangrove 8 Pb*%/ 1.4 1.7 0.2 2.0 - - - - Lynch et al., 1989
CSISW
Core section LFK Mangrove 52 Pb*1° 0.8 2.3 0.1 5.6 - - - - Chappel, 2018
interval 9 Pb*1° - - - - 2.7 3.7 0.5 5.6 Chappel, 2018
1900-1960 20 Pb*1° - 1.4 0.4 - - - - - Chappel, 2018
1961-2021 32 Pb*1° 2.9 0.8 - - - - - Chappel, 2018
SWENP  Mangrove 173 Pb*° 0.4 3.7 1.9 11.6 - - - - Breithaupt et al., 2014, 2017;
Smoak et al., 2013
35 Pb*1° - - - - 2.7 5.8 2.1 116  Breithaupt et al., 2014, 2017;
Smoak et al., 2013
1900-1960 47 Pb*1° - 1.8 0.6 - - - - - Breithaupt et al., 2014, 2017;
Smoak et al., 2013
1961-2021 92 pPL31° - 4.4 1.7 - - - - - Breithaupt et al., 2014, 2017;
Smoak et al., 2013
SETMH NEFLB Mangrove 1 - - - - - - 1.3 - - Koch et al., 2015
Mangrove 2 - - - - - 1.8 2.9 1.6 4.0 Koch et al., 2015
scrub
SWENP Mangrove 3 - - - - - 1.4 2.8 1.4 4.2 Feher et al., 2020; Koch et al.,
2015
LFK Mangrove 2 - - - - - -0.7 0.2 1.2 1.1 Chappel, 2018
TTI Mangrove 1 - - - - - - 6.2 - - Howard et al., 2020
TTI Salt marsh 1 - - - - - - 2.9 - - Howard et al., 2020
TTI Brackish 1 - - - - - - 2.9 - Howard et al., 2020
RB Mangrove 4 - - - - - 4.6 6.1 1.3 7.8 Cahoon and Lynch, 1997
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Fig. 3. Core section interval sediment accumulation rate data and trendlines obtained from mangrove plant communities located in the Lower Florida Keys and
Southwest Everglades National Park. This type of data was not available for other study locations or plant community types. Horizontal dotted line = Key West
historical (1913-2021) rate of SLR (2.5 mm yr_l]. Horizontal dashed line = Key West recent (2020—2021) rate of SLR (6.6 mm yr_l]. Horizontal line = Key West past

decade (2010-2021) rate of SLR (9.7 mm yr_l].
Source: Breithaupt et al. (2014, 2017), Chappel (2018), Smoak et al. (2013).

three other plant communities is based upon a very limited data set and
reported as 2.9 mm yl'_l (S.D. = 1.6) for mangrove scrub (n = 2), 2.9
mm yr_1 for salt (n = 1) and brackish marsh (n = 1).

3.3. Coastal wetland resilience

The original intent of this investigation was to evaluate the response
and resiliency of all South Florida coastal wetland plant community
types to future conditions of accelerating SLR. However, as the investi-
gation progressed and as has been described in the preceding sections, it
is evident that the available SAR data sets for all coastal wetland plant
communities except mangrove (e.g., mangrove scrub, salt and brackish
marsh, wet prairie) are too limited in number and geographic location to
warrant modeling their resiliency to SLR (Fig. 4). As a result, the
modeling of resiliency was constrained to mangrove plant communities.
The paucity of SAR values for South Florida coastal wetlands other than
mangrove has not been previously reported and is a significant finding
because it revealed a substantial knowledge gap. This gap will have to be
closed before predictions of their resiliency under conditions of accel-
erating SLR can be attempted.

3.3.1. Historical

Based upon a comparison between the Key West historical
(1900-2021) rate of SLR and lump sum mangrove SAR (Fig. 5a),
instability was hindcast for Southwest Everglades National Park, the Ten
Thousand Islands, and Rookery Bay. When the mean SAR of each of the
mangrove core section interval datasets was used, historical instability
was hindcast for the Lower Florida Keys and stability in Southwest Ev-
erglades National Park because the mean SAR was equal to or greater
than the historical rate of SLR (Fig. 6a). A comparison between the
interannual core section interval SAR data and the historical rate of SLR
(Fig. 3) indicates a sediment deficit until about 1960 at both locations.
Thereafter, rates of sedimentation steadily increased resulting in a
hindeast of stability during the latter half of the 20th century. A com-
parison between the interannual core section interval SAR data and
contemporaneous rates of historical SLR (e.g., 2.1 between 1900 and
1960, 3.7 between 1961 and 2021) (Fig. 6b) suggests mangrove habitats
at both locations were unstable prior to mid-century. Thereafter, the
Southwest Everglades National Park mangrove was hindcast to have
stabilized as SAR was on average larger than the average rate of SLR

during that interval of time. The mangrove SAR in the Lower Florida
Keys did not exceed SLR between 1961-present, so instability is hind-
cast. The SETMH SAR data (Fig. 5b) were not compared to historical SLR
because the sediment data were collected during recent time.

3.3.2. Recent

Rates of Key West SLR during the 21st century (6.6 mm yr?,
2000-2021; 9.7 mm yr~}, 2010-2021) were much faster than all
mangrove SAR data (Fig. 4), yielding a hindcast of instability in all South
Florida (Table 3). Again, a transition to mud flats, inundation ponds or
subtidal estuarine environments is hindcast.

3.3.3. Future

The recent rate of SLR during the 21st century is faster than all recent
mangrove SAR data evaluated in this study, except for eleven core sec-
tion interval values that range between 6.7 and 11.6 mm yr~! obtained
from the Southwest Everglades National Park (Fig. 3) and one SETMH
SAR value from Rookery Bay mangrove (7.8 mm yr ') (Table 2). Only
two Southwest Everglades National Park mangrove core section interval
samples generated a SAR faster than the rate of recent SLR over the past
decade (Fig. 3). Breithaupt et al. (2020) have argued these faster rates of
SAR are indicative of an acceleration in organic sediment production
that has occurred in response to the recent acceleration in the rate of
SLR. Assuming this hypothesis is correct, the forecast of mangrove sta-
bility to SLR in all of South Florida was based upon the average rate of
recent core section interval SAR data (5.8 mm y‘r‘l) (Table 2) obtained
from Southwest Everglades National Park mangrove forests (n = 35).
The outcome is therefore a best-case scenario. Future rates of SLR were
based upon the intermediate global SLR scenario for the United States
between 2000 and 2100 (Sweet et al., 2017) (Fig. 7). This SLR scenario
was selected because its historical and recent rates of rise are the same as
those observed in South Florida.

Results (Fig. 4, Table 3) indicate mangrove plant communities in
South Florida will begin converting to intertidal and subtidal environ-
ments around 2040-2050 (Fig. 7). This will initially result in increase in
the extent and rate of localized plant community destabilization and a
transition to mudflats or the formation of inundation ponds, the latter of
which is already oceurring (Lagomasino et al., 2021; Meeder and Par-
kinson, 2018). By the end of this century, most mangrove forested areas
will be submerged and replaced by an estuarine environment because at
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Fig. 4. Mean sediment accumulation rates plotted as a function of (1) coastal
wetland plant community type, (2) method of analysis (e.g., lump sum and core
section interval radioisotope geochronologies [Pb210, Cs137], Sediment
Elevation Table Marker Horizon [SETMH]), and (3) timeframe (historical,
1900-2021; recent, 2000-2021; and past decade, 2010-2021). Horizontal
dotted line = Key West historical (1913-2021) rate of SLR (2.5 mm yr~!).
Horizontal dashed line = Key West recent (2000-2021) rate of SLR (6.6 mm
yr~1). Horizontal solid line = Key West past decade (2010-2021) rate of SLR
(9.7 mm yr_l). Error bars = 1 S.D. N value associated with each series is
number of sediment samples used to calculate mean sediment accumula-
tion rate.

that time the elevation of mean-low water will have exceeded grade
level (Fig. 7). Although the data is limited for the other four coastal
wetland plant communities (Fig. 4, Table 3), their loss appears equally
likely because the SAR in these areas is much lower than the more
seaward mangroves.

4. Discussion

The results of this investigation clearly demonstrate predictions of
coastal wetland response to historical, recent, and future rates of SLR are
dependent upon the methodology utilized to enumerate rates of sedi-
ment accumulation and timescale considered. However, hindcasts of the
instability of mangrove plant communities in South Florida in response
to historical SLR were not always consistent with published studies
(Howard et al., 2020; Krauss et al., 2011; Lagomasino et al., 2021;
Meeder et al., 2017; Ross et al., 2021). The hindeasts of historical
instability were generated from mangrove lump sum and core section
interval SAR data. This contradiction appears to be an outcome of the
assumption that SAR values are always representative of in situ condi-
tions at the time of deposition. The core section interval data aggregated
during this investigation indicate the contrary, an observation that has
not been previously reported. The observed historical trends in the rate
and dispersion of Southwest Everglades National Park and Lower Florida
Keys mangrove SAR values (Fig. 3) are consistent with the (1)
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cumulative effects of post-depositional compaction and decomposition
that reduce the thickness of the peat interval and corresponding esti-
mates of SAR and (2) inverse relationship between SAR variance and
time (c.f., Hatton et al., 1933). The effects of compaction on a variety of
coastal wetland habitat types have been documented in several South
Florida studies (Feher et al., 2020; Howard et al., 2020; Koch et al.,
2015). They report an average subsidence in recent mangrove soils of
~2 mm yr~ !, although faster rates have been reported (Osland et al.,
2020) (Table 4). This would account for the apparent historical sediment
deficit reported in mangrove soils of South Florida during the first half of
the 20th century (Fig. 3). If, as suggested by these data, there is a
continuous reduction in the thickness of older sediments as a function of
time, then an argument can be made that the recent increase in SAR
values as reported by Breithaupt et al. (2020) is not a consequence of an
acceleration in the rate of SLR, but rather the cumulative effects of
shallow subsidence in older sediments (e.g., timescale bias). Resolution
of this uncertainty will require the acquisition of additional and more
recent (e.g., 2010 — present) SAR data to determine whether the
observed increases in SAR have persisted in response to even faster rates
of SLR over the last decade.

Forecasts of South Florida mangrove resilience to accelerating rates
of SLR predict widespread instability and habitat loss by mid-century.
This is consistent with the global projections of (Saintilan et al.,
2020), but differs from Sklar et al. (2021), who projected a regional loss
in South Florida mangroves by 2070, but only under conditions of
extreme SLR (1.3 m, 22.6 mm yr~*). This discrepancy is a consequence
of their use of a faster SAR (11 m.myl'_l] than the 5.8 mm yl‘_l SAR value
used in this study. Sediment accumulation rates higher than 5.8 mm
yl‘_l have occurred (n = 11, Parkinson, 2022), but are outliers relative to
the other 259 mangrove SAR values aggregated herein. By the end of this
century, the widespread and rapid collapse of mangrove habitats in
South Florida coastal and their conversion to estuarine conditions is
expected. Because SAR in the more landward brackish and freshwater
plant communities is lower than mangrove, they too will likely experi-
ence conversion to a more salt-tolerant taxa and/or submergence at an
increasing rate over the duration of this century. The forecast of
mangrove resiliency is considered to be a best-case scenario for several
reasons. First, the current and projected emissions gap (United Nations
Environmental Program, 2021) will exceed the conditions associated
with the intermediate SLR scenario used in this study and will result in
even faster rates of SLR than those used in this study, as is already being
considered by others (Thompson et al., 2021). Second, the forecast as-
sumes the recent and faster rates of mangrove SAR documented between
2000 and 2010 can be sustained over time through peat production and
accumulation. There is at present no data to indicate this is occurring.
Third, the forecast does not consider the cumulative effects of post-
depositional process (e.g., compaction, decomposition) that yield a
decrease in substrate elevation or shallow subsidence as has been re-
ported in mangrove, scrub mangrove, salt marsh, and brackish marsh
communities throughout South Florida (Feher et al., 2020; Howard
et al., 2020; Koch et al., 2015). With time this will reduce resilience by
lowering elevation and increasing the relative rate of SLR.

It could be argued that this model is flawed because it either over
simplifies or ignores post-depositional above and below-ground pro-
cesses that, if considered, would substantially alter the outcome
(Table 4). For example, an increase in the frequency and duration of soil
saturation may reduce the rate of organic matter decomposition
(Chambers et al., 2021) and promote soil profile swelling (Feher et al.,
2020; Whelan et al., 2005), both of which would enhance resiliency.
However, these responses would likely be of limited duration and
consequence because, for example, once the soils are permanently
saturated with sea- or freshwater, swelling (and shrinking) will be of
limited consequence to the elevation of evolving soil profile. And there
are numerous other processes (e.g., mechanical compaction/shallow
subsidence, elevated frequency of storm events and associated peat
collapse and ponding) that will over time exert a substantially greater
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Fig. 5. (A) Mean sediment accumulation rates based upon core lump sum data grouped by location and habitat type. (B) Mean SETMH sediment accumulation data
plotted as a function of location and habitat type. Horizontal dotted line = Key West historical (1913-2021) rate of SLR. Horizontal dotted line = Key West historical
(1913-2021) rate of SLR (2.5 mm yr~'). Horizontal dashed line = Key West recent (2020-2021) rate of SLR (6.6 mm yr—'). Horizontal line = Key West past decade
(2010-2021) rate of SLR (9.7 mm yr~"). Error bars are +1 S.D. if sample n > 1. Lump sum source: Breithaupt et al. (2014, 2017); Chappel (2018); Lynch et al. (1989);
Meeder et al. (2017); Smoak et al. (2013).

SETMH source: Cahoon and Lynch (1997), Chappel (2018), Feher et al. (2020), Howard et al. (2020), Koch et al. (2015).
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Fig. 6. Core section interval sediment accumulation rates for mangrove habitats in the LFK and SWENP. (A) grouped as historical (H; mean value of all data between
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Sediment accumulation rate source: Breithaupt et al. (2014, 2017), Chappel (2018), Smoak et al. (2013).

deleterious effect on mangrove plant community elevation and resil- and nutrients (Chambers et al., 2021; Feher et al., 2020; Smoak et al.,
iency. To the contrary, it has been suggested that hurricane landfall 2013; Whelan et al., 2009). Yet others have reported that storms have
events promote resiliency by providing a significant influx of sediment little impact on long-term elevation dynamies (Rogers et al., 2013) or
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Summary of South Florida wetland response to historical, recent, and predicted rates of SLR. Cells with boarders indicate
wetlands predicted to be stable (e.g., SAR > SLR). Unstable conditions occur when SAR < SLR.

Sea-Level Rise (mm yr?)

Historical Recent Future
Average Contemporaneous
2.5 1900-1960 (2.1) 2000 - 2021 (6.6) >6.6
Method of Analysis 1961-2021 (3.7) 2010 - 2021 (9.7)
Lump Sum Historical
SESE wet prairie 14 - Unstable Unstable
SWENP mangrove 2.2 - Unstable Unstable
TTI mangrove 24 - Unstable Unstable
RB mangrove 1.7 - Unstable Unstable
Core Section Interval
Historical (mean)
LFK mangrove 2.3 - Unstable Unstable
SWENP mangrove - Unstable Unstable
Recent
LFK mangrove - - 3.7 Unstable
SWENP mangrove - - 5.8 Unstable
Interannual
1900-1960
LFK mangrove 1.4 1.4 - N
SWENP mangrove 1.8 1.8 - -
1961-2021
LFK mangrove 2.8 2.8 - -
SWENP mangrove 4.4 4.4 - -
SETMH
NEFB mangrove - - 13 Unstable
NEFB scrub mangrove - - 2.9 Unstable
LFK mangrove - - 0.2 Unstable
SWENP mangrove - - 1.0 Unstable
TTI mangrove - - 6.2 Unstable
TTl salt marsh - - 2.9 Unstable
TTI brackish marsh - - 2.9 Unstable
RB mangrove - - 6.1 Unstable

Key West (FL) - Monthly average Mean above MSL

Fig. 7. Left side: Historical and recent trends in Key
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Summary of commeonly reported above and below ground post-depositional processes that contribute to substate elevation change in South Florida mangrove plant
communities. Positive results contribute towards elevation change and/or an increase in plant productivity. Superscripts identify the source of the data or examples
thereof. Magnitude of change is an estimate of the vertical or horizontal scale at which the process operates.

Process Result Comment Reference
Positive ~ Negative = Magnitude of
change
Decomposition x* ? Decreases with increasing duration of inundation Chambers et al., 2021
x* ? Increases with time, decreases with depth Romero et al., 2005
Hydrology x* mm to cm Profile swells (e.g., expansion, dilation) when saturated Feher et al., 2020; Whelan et al., 2005,
(e.g., astronomical tides, wind, storm surge, 2009
groundwater)
x* mm to cm Profile shrinks (e.g., compaction, consolidation) with Feher et al., 2020; Whelan et al., 2005,
falling tides, water table (e.g., draw- or dry-down), and 2009
evapotranspiration
Peat collapse and ponding xE Local to Indicative of ¢ lative envir tal stress (e.g., dry- Chambers et al., 2019; Lagomasino
regional down, increasing duration of inundation) or storm events et al., 2021
Storms x* em ™= Above ground sediment deposition, nutrient influx Castaneda-Moya et al., 2020; Feher
et al., 2020; Whelan et al., 2009
x* em to dm™ "™  Erosion, mass tree mortality, especially in poorly drained = Lagomasino et al., 2021; Osland et al.,
soils 2020
x™° mm~ = Surface compressed by water column loading, substrate Feher et al., 2020; Whelan et al., 2009
erosion
Mechanical or auto-compaction, x* mmtoemyr '  Proportional to thickness of overburden Cahoon and Lynch, 1997; Feher et al.,
contraction, shallow 2020; Osland et al., 2020; Rogers and
subsidence Saintilan, 2021

? Data generated by the author(s).
® ]jiterature cited by the author(s).
¢ Observational statement of author(s).

documented their role as a process that results in a significant reduction
in forest productivity and substrate elevation (Griffiths and Mitsch,
2021; Lagomasino et al., 2021; Osland et al., 2020). To date, however,
no studies have quantified the spatial scale of storm layer deposition;
rather the few values that have been reported are from long-term
ecological research monitoring stations located no more than 10 km
inland from the southwest Everglades National Park shoreline (e.g.,
Harney River, Lostmans River, Shark River) (Castaneda-Moya et al.,
2020; Whelan et al., 2009). Nor has it been determined whether the
constructive consequences of those nutrient and elevation gains are
enough to offset the loss of productive habitat caused by substrate
deflation, tree falls, peat collapse, and ponding. This seems unlikely
because the few hurricane-derived sediment deposits that have been
described occur within no more than a kilometer of the shoreline or river
channel from which the material was derived. In contrast, the destruc-
tive effects (e.g., loss of canopy height, defoliation, mortality) have been
shown to exert an impact measured in thousands of hectares (Lagoma-
sino et al., 2021). Furthermore, the rate of forest recovery was slowest in
poorly drained soils, the extent of which will increase under conditions
of SLR. Secondly, the trend analysis of Feher et al. (2020, c.f. Fig. 4)
indicates the elevation gains are short term and do not substantially alter
their long term trajectory. The long-term legacy of South Florida storm
deposits is doubtful because they are composed of ‘marine carbonate
sediment’ (Feher et al., 2020) Given the pH of mangrove peats is
generally low (Pazi et al., 2016; Reef et al., 2010), it is doubtful these
carbonate intervals will persist over time. This supposition is supported
by the fact that none of the published storm landfall investigations that
utilized sediment cores (Breithaupt et al., 2019; Smoak et al., 2013)
reported the presence of any storm layers other than those associated
with the recent landfall events (e.g., Wilma, Irma) they were investi-
gating. Core lengths ranged between 25 cm and 50 cm, so the duration of
time represented by the recovered sediment succession is more than 100
yrs., during which numerous other landfall events have occurred in
South Florida (e.g., Great Miami Hurricane, 1926; Labor Day Hurricane,
1935; Huwricane Donna, 1960, Betsy, 1965). An absence of older storm
layers is consistent with carbonate dissolution, which then neutralizes
the short-term elevation gains associated with event landfall.

Although the beneficial effects of an expanding horizontal

accommodation space were not considered in this study, it would be of
limited consequence because the continuity of the landscape has already
been disrupted by the presence of coast parallel roads and flood control
structures (Lagomasino et al., 2021; Meeder et al., 2021). The only
exception is the Shark River Slough (Fig. 1), where there are no ob-
structions proximal (<40 km) to the coastline. But even if it is assumed
the plant communities will find a way past these topographic barriers,
the very low topographic gradient of the south Florida coastal zone (~5
em km™Y) (e.f. Parkinson et al., 201 5, Fig. 2) will promote the landward
translation of the shoreline at a theoretical rate of about 200 m yr™*
coincident with a sustained SLR of 10 mm yr~!. Rates of SLR nearly twice
as fast are possible by the end of this century. This rate of translation is
much faster than the rates of landward migration reported in South
Florida mangrove plant communities (~30 m yr™!) by Meeder and
Parkinson (2018) in the SWSE and Krauss et al. (2011) in the TTI. Hence
the space between the shoreline and advancing plant community will
expand and deepen with time. The successful establishment of peat-
producing mangrove plant communities in the newly created horizon-
tal accommodation space is not therefore guaranteed. Moreover, the
plant communities migrating into the newly created accommodation
space will not be accumulating sediment at the rates measured in mature
habitat (Sandi et al., 2021) and it is not currently known what duration
of time is required to complete that transition in South Florida. In a
southeastern Australian estuary, Rogers et al. (2013) observed relative
water level within a mangrove encroachment zone increased while a
decrease was evident in mature mangrove and salt marsh over a 10-yr
period of observation. It follows that their resilience to SLR and salt-
water encroachment will initially be lower than the mature South
Florida coastal wetlands from which they are derived as has been
deseribed by Meeder and Parkinson (2018).

This analysis has revealed several knowledge gaps that must be filled
to improve the spatial and temporal resolution of resiliency forecasts.
The vast majority (97%) of SAR data collected in South Florida were
obtained in mangrove habitat. However, other coastal wetland habitats
occupy an equivalent amount of the landscape. It is recommended these
transitional and freshwater wetlands be subjected to analyses that
improve our understanding of the effects of SLR and saltwater
encroachment on the production and accumulation of sediment.
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Predictions could also be improved by undertaking additional studies
designed to quantity post-depositional processes (e.g., compaction,
decomposition) and their cumulative effect on shallow subsidence and
SAR, as has been done by Feher et al. (2020) and Whelan et al. (2005,
2009) in the mangrove forests of the Shark River Slough (Fig. 1). The
mangrove SAR data derived from recent Southwest Everglades National
Park core section intervals appears favorable towards sustained resil-
ience (see also Breithaupt et al., 2020) but are limited in geographic
context and reported prior to the most recent decade of SLR accelera-
tion. Hence it cannot be known whether the observed acceleration in
SAR has persisted. Additional studies are therefore needed to document
how coastal wetlands of all types respond to a sustained acceleration (e.
g., decades) in the rate of SLR over the past decade. The potential ben-
efits of horizontal accommodation space have repeatedly been cited a
means by which coastal wetland resilience can be sustained despite
accelerating SLR. However, it is not reasonable to assume the plant
communities migrating into the newly created accommodation space
are accumulating sediment at the same rates as their mature counter-
parts and we currently do not know the duration of time required to
complete that transition. Additionally, in South Florida the utilization of
this accommodation space by transgressing plant communities does not
necessarily ensure ecosystem services are preserved because they are
migrating into and replacing other systems that have historically been a
significant element of the landscape. This may result in a loss of di-
versity, rare or endangered species, or an entire plant community (e.g.,
wet prairie) (Kelleway et al., 2017; Meeder, 2022; Osland et al., 2022).
More research is needed in these transitional areas to quantify the pro-
cesses and products of sedimentation, the rates at which different plant
communities are capable of migrating landward, and the net effect on
ecosystem services.

There are currently two mitigative strategies typically considered to
offset the combined effects of SLR and saltwater encroachment on
wetland resilience: (1) augmentation of SAR and (2) removal of topo-
graphic and hydrologic barriers to lateral migration and freshwater
flow. Augmentation of SAR has been attempted through the addition of
nutrients or thin-layer disposal. The addition of nutrients (e.g., N, P) is
designed to overcome nitrogen and/or phosphorous limitations on plant
growth (c.f,, Feller et al., 2002). Experiments of nutrient enrichment
have been limited in scale (e.g., plots) and duration (e.g., years), but
shown to stimulate plant growth (Lovelock et al., 2004), above ground
biomass, and surface elevation (Davis et al., 2017; Wilson et al., 2019).
However, the benefits of increased growth may be offset by higher
mortality rates during prevailing (Lovelock et al., 2009) and storm
conditions (Feller et al., 2015), as well as changes in ecosystem structure
and soil nutrients dynamies (Romero et al., 2012). Thin-layer placement
describes the addition of a sediment-water slurry onto a deteriorating
wetland to enhance resilience via elevation gain. It is now widely uti-
lized by the U.S Army Corps of Engineers (USACE) in coastal areas
throughout the conterminous U.S. (Berkowitz et al., 2017). To date, it
has not been attempted in South Florida although the USACE has
recently (2021) proposed a proof-of-concept physical model to be tested
in the Southeast Saline Everglades (Ralph, 2021). Should the model be
deemed effective, the next step will likely be the implementation of a
thin-layer placement project on a larger scale. However, there are many
challenges yet to be overcome including the permitting of a project of
this type, locating a suitable source and volume of compatible sediment,
determining how that material will be transferred and applied to the
project area, and whether the project could be completed at the scale
and timeframe necessary to make a significant difference.

So at present, the only practical mitigative strategy to enhance the
resilience of South Florida coastal wetlands to accelerating SLR is the
removal of barriers and restoration of surface water flow, which is at the
core of the Comprehensive Everglades Restoration Program (CERP)
authorized by the U.S. Congress in 2000 (Sheikh and Carter, 2005). The
intended outcome of this effort is to ameliorate (1) saltwater
encroachment and (2) historical losses of freshwater wetlands. The
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strategy is currently being implemented by the Southwest Florida Water
Management District, which recently replaced 10 km of roadbed with an
elevated roadway at the headwaters of Everglades National Park.
Numerous other projects to restore freshwater flow are either under
construction or are being planned (Conservancy of Southwest Florida,
2017). It remains uncertain whether these projects can be completed at
the requisite scale and timeframe (c.f., Lee et al., 2021; Meeder et al.,
2017) necessary to slow or reverse saltwater encroachment, stimulate
the restoration of historical ecosystem function, and stabilize the
remaining wetland landscape as intended.

5. Conclusion

Over the last 20 years, the average rate of SLR in South Florida has
increased from 6.5 mm yr_l (2000-2021) to 9.4 mm y‘r‘l (2010-2021),
compared to the historical rate of 3.9 mm yr~'. These rates of rise and
the accompanying saltwater encroachment have degraded the resilience
of existing South Florida mangrove plant communities. Intermediate
SLR scenarios predict even faster rates towards the end of this century,
which will accelerate instability, degradation, and habitat loss by mid-
century. The total collapse of existing mangrove forests is probable by
the end of this century. A similar response in the more interior coastal
wetland habitats is likely, although confidence in these projections is
limited due to the lack of SAR data generated from these plant com-
munities. The removal of topographic barriers and restoration of
freshwater flow may slow this transition, as recent modeling as sug-
gested (Dessu et al., 2021). However, it is currently unclear whether
these mitigative strategies can be completed at the scale and tempo
necessary to significantly enhance the resilience of South Florida coastal
wetlands to accelerating SLR.

This investigation revealed several knowledge gaps that, if closed,
would significantly improve resilience forecasts in South Florida. These
include undertaking investigations designed to quantify: (1) the effects
of SLR and saltwater encroachment on the production and accumulation
of sediment in transitional and freshwater wetlands, (2) post-
depositional processes (e.g., compaction) and the cumulative effect of
shallow (~1 m) subsidence on SAR, and (3) how coastal wetlands of all
types have responded to a sustained acceleration in the rate of SLR over

the last decade.
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