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Numerous studies address changes in wetland deposition in response to

saltwater encroachment driven by the accelerating rate of sea-level rise, by

quantifying temporal changes recovered from a vertical sediment sequence.

This is the first landscape scale study, based upon 10 core transects

representing the heterogeneity of the Southeast Saline Everglades, Florida.

By utilizing the known salinity preferences of molluscan assemblages, a

Salinity Index was calculated for each core sequence and the recorded

salinity changes identified and dated. Radiometric dating utilizing the 210Pb

method provides the rate of sediment accumulation and the date of changes

identified in the core. The core transects provide the basis for calculation

of the rate of saltwater encroachment by comparing the date of saltwater

encroachment and the distance between two cores. Thereby, temporal and

spatial changes in other sediment parameters in a landscape can also be

quantified, such as organic carbon. This paleo-ecological approach to rapidly

changing coastal conditions can be utilized to provide scientists and land

managers with a record of the past, rate of changing conditions and provide

the basis for predicting the future trajectory of their site. Application of

this paleo-ecological approach documented increasing rates of saltwater

encroachment associated with accelerating rate of sea-level rise: an average

rate of 49.1 between 1895 and 1940, 69.2 between 1940 and 1968, 73 between

1968 and 1995 and 131.1 m/yr between 1995 and 2015. Approximately

1.79 km of saltwater encroachment has occurred since 1995, with three

partial reversals because of increased freshwater delivery. Associated with

saltwater encroachment are changes in sediment organic carbon, decreasing
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area of marl production and increasing distribution of mangrove. Although

the distance of saltwater encroachment is greater in Florida Bay, both

changes in sediment organic carbon and mangrove distribution are much

less than in Biscayne Bay coastal basins. This heterogeneity is likely the result

of differences in tidal ingress efficiency. At the present rate of saltwater

encroachment, the freshwater wetlands are predictably lost within a century.

KEYWORDS

mangrove, mollusks, paleoecology, sea-level rise, SE Florida, blue-carbon, freshwater
carbonate mud

Introduction

This study is the first to determine rates of salt water
encroachment (SWE) and changes in sediment organic carbon
(SOC) over time by paleo-ecological application of mollusk
salinity tolerances contemporaneously with radiometric
dating along shore normal transects. (Note: All non-standard
abbreviations found in Table 1). The interest in these two
subjects is driven by the accelerating rate of global sea-level rise
(SLR) which is threatening low-lying coastal areas (Spencer
et al., 2016). SLR driven saltwater encroachment (SWE)
increases salinity, the most important stressor in the coastal
system (Morris et al., 2002; Mitsch and Gosselink, 2015).
Increasing salinity triggers changes in: the distribution and type
of plant communities (Ellison and Stoddart, 1991; Ellison, 1993;
Ross et al., 2000), plant productivity (Blum and Roberts, 2009;
Wilson et al., 2018; Charles et al., 2019), organic carbon storage
(Neubauer et al., 2013; Doughty et al., 2016; Meeder et al., 2021)
and sulfur availability (Sutter et al., 2014; Poulin et al., 2017;
Chambers et al., 2019). The combined effects of these changes
are a reduction in rates of vertical sediment accumulation,
peat collapse, and the formation of inundation ponds in
South Florida (Chambers et al., 2015; Meeder et al., 2017;
Servais et al., 2019; Wilson et al., 2018; Kominoski et al., 2021).
Ultimately, these changing patterns in sediment production and
accumulation are preserved in the stratigraphic record (Meeder
and Parkinson, 2018). This study pioneers the utilization of
paleo-ecological methods in deciphering the stratigraphic
record in order to calculate the rate of coastal salinity and SOC
change at the landscape scale. As SLR continues to accelerate,
widespread submergence of Southeast Florida coastal wetlands
and the formation of intertidal and subtidal mudflats is likely
(Parkinson et al., 2015; Meeder et al., 2017; Sklar et al., 2019;
Parkinson and Wdowinski, 2022).

Changes in sediment organic carbon are important because
coastal wetlands, and mangroves in particular, contain some of
the highest SOC content reported including tropical rainforest
and are therefore important in the global carbon cycle (Chmura
et al., 2003; Mumby et al., 2004; Spalding et al., 2010;

Bouillon, 2011). Although coastal wetlands occupy a small
percentage of the earth’s surface, they store a disproportionately
large volume of organic carbon (Chmura et al., 2003), and their
location at the land-sea interface makes these organic carbon
stores subject to rapid change in response to SLR. The history
of the Holocene exemplifies the influence the rate of SLR has
on coastal stability and change. The rate of SLR during the
Early Holocene (11 to 6 KYBP) was > 10 mm/yr and coastlines
were submerging, leaving little record (Wanless et al., 1994).
During the Middle Holocene (6 to 3 KYBP) the rate of SLR
decreased to between 2 and 3 mm/yr and coastal wetlands and
barrier islands developed under conditions of retreat. The rate
of SLR further decreased to < 1 mm/yr approximately 3,000
YBP, marking the beginning of the Late Holocene and stable
coastlines (Donoghue, 2011; Kopp et al., 2015). The present
mangrove fringe developed around 3,165 YBP and the landward
associated freshwater wetland sediment accumulation rates
(SAR) were sufficient to maintain their relative elevations in
respect to sea level during the last 3 KY, allowing the freshwater
wetlands to expand landward with SLR. Around 1900 the rate
of SLR increased to 2 mm/yr, beginning a trend of accelerating

TABLE 1 Non-standard abbreviations.

ACR Atlantic Coastal
Ridge

SOC Sediment organic
carbon

AMT Anthropocene Marine
Transgression

SWE Saltwater encroachment

BBCB Biscayne Bay coastal
basins

YBP Year before present

DTC Distance to the coast Field locations below

FBCB Florida Bay coastal
basins

HC Historic Creek Property

KY Thousand years FPL Florida Power and Light

SAR Sediment accumulation
rate

TKY Turkey Point

SESE Southeast Saline
Everglades

TRI Triangle

SLR Sea-level rise TS Taylor Slough
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rate of SLR termed the Anthropocene Marine Transgression:
the only global transgression produced by humans (Meeder and
Parkinson, 2018). The present global rate of SLR is 3.6 mm/yr
(Oppenheimer et al., 2019); in contrast, the regional average
rate for south Florida was 6.47 between 2000 and 2021 and
9.41 mm/yr during the last decade (Parkinson and Wdowinski,
2022). Continuing global warming and acceleration in the rate
of SLR is predicted for the near future (Sweet et al., 2017; Fox-
Kemper et al., 2021) and will likely continue for centuries until
ice-free conditions are reached (Levermann et al., 2013). The
last time atmospheric CO2 was near present day concentrations
was 3 MYA during the Middle Pliocene Warm Period when
sea-level was 25 m higher than present (Klaus et al., 2017;
Meeder et al., 2019).

The Late Holocene Southeast Saline Everglades (SESE)
oligotrophic wetland environment developed east and south
of the Late Pleistocene (Hoffmeister et al., 1967) Atlantic
Coastal Ridge (ACR) on the broad, slightly seaward dipping
ramp lying below 1.5 m (Figure 1). Transverse glades,
erosional breaks in the ACR (Meeder and Harlem, 2019),
historically drained the central Everglades basin and maintained
freshwater wetlands but today serve as conduits for much-
reduced Everglades’ flows, including urban and agricultural
runoff, to Biscayne Bay. The ramp provides an area for
development of wide bands of plant communities and associated
facies along the shore-normal salinity gradient, permitting
easy recognition of changes associated with SLR driven SWE
(Meeder et al., 2017). The SESE is comprised of numerous
coastal basins divided into two groups: those found along
Biscayne Bay and Card Sound, collectively called Biscayne
Bay coastal basins (BBCB), and those found along Barnes
Sound and Northeastern Florida Bay collectively called Florida
Bay coastal basins (FBCB). BBCBs have greater slopes but
are narrower and incoming tidal waters are more saline with
efficient exchange in contrast to FBCBs. FBCBs have poor
tidal exchange because of the coastal embayments and offshore
banks and salinity crises caused by wind and evaporation
are common (Lorenz, 2014). Coastal basin topography is
produced by different plant communities producing different
SARs, with communities along the coast and creek banks
exhibiting greater SARs than interior plant communities
(Meeder et al., 2017).

Observations over the past two decades suggest rapid
changes in the SESE environment since a baseline study in
1995 that addressed the period 1895–1995 (Meeder et al.,
2017). The most obvious change is mangrove infringement
into freshwater marshes, a sign of SWE. This study addresses
the rates of SWE and patterns of SOC deposition during
the last 20 years and contrasts coastal BBCBs to interior
areas of FBCBs. Few studies address how SLR and SWE-
driven changes in coastal wetlands affect OC storage at the
landscape scale (Lamont et al., 2020; Meeder et al., 2021).
The influence of SLR on SWE and the effect of the latter on

facies distribution have already been established (Meeder et al.,
2017; Meeder and Parkinson, 2018). However, the impacts of
acceleration in the rate of SLR on the SWE, SOC deposition
patterns, marl production, and the distribution of mangrove are
incompletely understood. In order to quantify the effects of SWE
it is necessary to address the following objectives: (1) Document
the characteristic facies properties and their distributions, (2)
Determine the vertical and horizontal distribution of SOC,
and (3) Calculate the extent and rate of SWE in each
basin. These objectives will document heterogeneity among
basins, provide insight on the major cause of changing SOC
deposition, contribute to the prediction of the future SESE
under conditions of accelerating SLR and address the capacity
of coastal wetlands to respond to recent changes in the global
climate cycle.

Materials and methods

Field data collection

A geological approach utilized vertical changes in sediment
cores and horizontal changes along transects to document
shifts in facies, changes in SOC distribution and distances
and rates of SWE. Ten shore-normal sediment core transects
were established across the sub-environments in the coastal
basins (Figure 1). BBCB cores were located within 3.5 km
of the coast and focused on mangrove expansion, whereas
FBCB transects placed between 1.2 and 11.6 km from the coast
addressed the extent of SWE. Sediment cores were collected
utilizing 7.6 cm diameter aluminum tubes, transported upright,
returned to the laboratory, frozen, and later sectioned frozen
at 1 cm intervals, using a miter saw to ensure consistency
to a depth of 30 cm. Freezing and using miter saw to cut
peats into 1 cm sections is more accurate than trying to cut
an organic rich sediment into 1 cm−3 using a razor. Much
like cutting a wet sponge. The error is much less than the
9% maximum expansion by ice and is much less variable than
hand cutting samples. Marl has little water and doesn’t expand,
peat-marls don’t expand very much as marl dominates and
peat expansion likely is mostly filling internal pores, and no
freezing induced cracks or expansion lobes are observed. If
peat expands to their fullest by freezing our peat numbers will
be underestimates by the amount of expansion. We’d rather
underestimate than overestimate, and our peat densities may
be underestimates.

All cores with more than 5% compaction in the field were
rejected by comparison between the core length recovered
and the depth of the core. Each core interval was split
and aliquots used for different analysis. Sediment samples
for bulk density and SOC analyses were removed from the
center of the 1 cm section to avoid sidewall contamination
and minimize the effects of compaction. Samples for 210Pb
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FIGURE 1

Study area. The heavy black lines are the transect locations. HC, Historic Creek. MC, Mowry Canal. TKY, Turkey Point, TRI, Triangle transect. TA
and M5 are locator labels with no specific meaning TPPP, Tukey Point Nuclear Power Plant 210Pb dating was performed on the following cores
collected in 1995; TPE, LHC, and CHC (equivalent to 2017 transect TA2), CJB, LJB, and UJB (equivalent to 2017 transect TA3), and EVER 4 and
EVER 7 are north of 2017 transect TA4 (Meeder et al., 1996). Core collected in 2017 include EVERl north of TRI, TA2.2, TA2.4, and TA2.6 from
transect TA2. TA3.4 and 3.5 are from transect TA3, and EPIOR is found along transect TA4. Locations of 2017 cores along the transects are
located in Figure 7 and the distance to the coast for all 2017 cores are listed (Table 4).

analyses were collected adjacent to the sample processed
for SOC. One-half the core sample was washed through
a 1 mm sieve and mollusks were collected and identified
for use as a proxy for salinity. Normal (t-test) or non-
parametric tests (Dunn’s Test, the Kruskal–Wallis Test and
Wilcoxon Rank-Sum Test) were utilized to test the relationship
between parameters in data sets that met normality and
homogeneity of variance criteria. Predictive analyses were
conducted using multiple linear regression (Supplementary
Table 1). All tests were conducted using the R programming
language (version 3.6.3) which was utilized within the Rstudio
IDE (Version 1.3.1093).

Plant communities, mollusks and facies

Plant community data including the descriptions of plant
communities and percent mangrove cover were collected from
30 1-m2 plots arranged in a circle of 50 m radius surrounding
the sediment core site (Ross et al., 2020). It was important to
document differences within and among sediment types (facies)
in order to confidently determine change, therefore considerable
effort was made in facies characterization. Facies were based
upon differences found among the 872 core samples in plant
remains, bulk density, SOC, SARs and mollusks as salinity
indicators. The biogenic SESE sediment body composition was
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either organic matter or organically produced calcite (marl), but
only SOC was reported.

Plant remains
Plants remains varied among and were characteristic of

facies and were the primary source of SOC. Plant remains were
described by species, abundance, dimensions, orientation, and
growth patterns.

Bulk density and sediment organic carbon
content

The dry bulk density was determined by weighing a dry
2 cm3 volume of sediment and the SOM g cm3 (density)
was determined by loss on ignition (Dean, 1974). SOM was
converted to SOC using a standard conversion factor of 0.58
(Sikora and Stott, 1996). Bulk density and SOC were determined
from a 2 cm3 sample, to better address sediment heterogeneity.
The relationship between SOC and bulk density was tested.

Sediment accumulation rates
Sediment organic carbon content and bulk density were

determined from 2 cm3 samples from select cores and samples
sent to an independent laboratory (Dr. David Kadko, FIU) for
210Pb analysis. 210Pb analysis was only performed on seven
marl core intervals because of limited funding, the prevalence
of marl sediments and the paucity of marl accumulation rate
data, while mangrove peat SARs were collected from previously
published sources. In addition, eight previously analyzed cores,
from several facies, were also utilized (Meeder et al., 2017).
210Pb analysis were not performed on every core, therefore, the
average SAR for each sediment type was utilized. The Constant
Rate of Supply Model was utilized because cores were long
enough to reach baseline 210Pb levels (Appleby and Oldfield,
1992). The variation in marl SOC density and SAR along the
coastal gradient was of paramount interest, as there is a paucity
of information on such sediments. SAR (mm/yr) was utilized to
calculate the period required to accumulate 1 cm of sediment
(yr/cm), in order to date the fresh water-marine influenced
contact in each core. Dating of different core horizons was
necessary in order to calculate the SAR to determine the rate
of SWE. The SAR was calculated by converting SOC density to
SOC g m2/cm and dividing by the number of years required
for that sediment type to accumulate 1 cm, producing a rate
expressed as yrs/cm.

Salinity index
All mollusks > 1 mm in diameter were collected, identified

and counted. Each mollusk species was assigned an SI value
based upon known salinity tolerances (Table 2). A salinity
index (SI) was calculated by application of a weighted average

technique (Blinn, 1993) using Equation 1:

SIsamp =
n∑

i=1

(SIspi ∗ DENSspi)/DENSsamp (1)

Where SIspi is the ith species SI, DENSspi is the density
of the ith species and DENSsamp is the total number of
mollusk individuals.

Salinity index values between 1.0 and 1.5 indicate freshwater
influence, and those > 1.5 are marine influenced; selection of
SI 1.5 as a transitional value was based on the distribution of
the most common gastropod tolerating brackish water (Meeder
et al., 2017). The contacts between non-marine and marine
influenced sediments in each core in each transect were plotted
in fence diagrams. This contact line delineates SWE. The
relationship between SI and SOC density was plotted using a box
and whiskers graph.

Sediment organic carbon distribution

Sediment organic carbon significantly increased during the
last century in BBCBs (Meeder et al., 2021). However, in order
to compare BBCBs and FBCBs the BBCB data set was combined
with the FBCB data set and different analysis utilized in this
report.

Sediment organic carbon vertical distribution
Sediment organic carbon density was calculated for each

1 cm core sample and continuous samples of similar density
combined into core intervals. A correlation between vertical
SOC density change and SI in each core was tested. The percent
difference between SOC values of the lower freshwater interval
and upper marine influenced interval was first calculated.
Because of the different size intervals and variability within
sediment intervals in each core, different statistical tests were
employed; T-test were utilized where normality and variance
criteria were met and non-parametric tests otherwise, in order
to determine significance. In cores, recording more than one
salinity change because of SWE reversal and second episode
of SWE, the differences between the first salinity change, from
fresh to marine, was addressed. The durations of second salinity
episodes were often too short, a core interval of only a few cm,
for analyses of differences. In cases of no salinity change, the
upper facies was tested against the underlying facies, if different.

In addition, an analysis utilizing combined core data, rather
than on individual cores was performed. The relationship
between SOC and sediment depth was examined with depth
treated as a numerical variable on an interval scale and
with depth treated as a categorical variable with each datum
categorized as either the 0–4 or 5–9 cm interval. In both cases,
data from the BBCBs and FBCBs were treated separately using
regression analysis.
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TABLE 2 Mollusk taxa found in each facies.

Facies Most common taxon Rank Secondary taxon Rank Othertaxon* Rank Comments

Sawgrass peat-marl Littoridinops monoroensis 1.5 Physella cubensis 1 Biomphalaria havanensis 1

Planorbella scalaris 1

Cylindrella spp 1

Laevapex peninsulae 1

Pomacea paludosa 1

Polygyra sp. 1 Terrestrial

Periphyton-spike rush Littoridinops monoroensis 1.5 Physella cubensis 1 Biomphalaria havanensis 1

Planorbella scalaris 1

Cylindrella spp. 1

Mangrove peat-marl Littoridinops monoroensis 1.5 Cyrenoida floridana 4 Physella cubensis 1

Biomphalaria havanensis 1

Pyrogophorus platyrachis 2.5

Mangrove peat Littorina angulifera 4 Melampus coffeus 4 Aboreal, poorly
preserved

Melanoides tuberculata 2.5 Exotic

Cerithidea beattyi 3

Batillaria minima 4

Marine mud Alvania sp. 5 Caecum pulchellum 5 Rissoina catesbyana 5 None common

Meioceras nitidum 5

Retusa sulcate 5

1, freshwater species; 1.5, freshwater species with tolerance for low salinity; 2, brackish water species; 2.5, brackish water species that tolerate marine conditions; 3, restricted marine species
with toleration of lower salinities; 4, marine species with a tolerance for low salinity; and 5, marine species. *Only taxa reported from more than one site.

Sediment organic carbon horizontal
distribution

In order to determine the relationship between SOC and
distance to the coast (DTC), the SOC for two-sediment depth
intervals (0–4, 5–9 cm) were tested against their respective DTC
for BBCBs and FBCBs using a regression analysis. In order to
determine the relationship between SOC and mangrove cover,
the SOC for two sediment intervals (0–4, 5–9 cm) were tested
with percent mangrove cover, DTC and by location (BBCBs or
FBCBs), also using regression analysis.

Saltwater encroachment

Two most important aspects determining calculation of
SWE rate were SI and the accumulation rates of facies
(Meeder et al., 2017). Fence diagrams were created for all
transects illustrating the contact between freshwater and marine
influenced sediments that describes SWE. This contact line also
separates facies in BBCBs. The rate of SWE was calculated
in four steps. The first was to determine the date of the
contact between freshwater and marine influenced sediments
in two cores along one transect. The second (Equation 2) was
to calculate the difference between the dates from the distal
(furthest from the coast) and proximal (closest to the coast)
cores providing the time interval:

Time Interval = TI (yr) = BCD − ACD (2)

Where B is the distal and A the proximal core and CD the
contact date

The third step was to measure the distance in meters
between the two cores :

Distance = D(m) = BDTC − ADTC (3)

Where ADTC and BDTC are the proximal and distal core distance
to coast respectively

The final step was the calculation of SWE (m/yr) by dividing
the distance (m) by the time interval (TI) between two cores:

SWE = (m/yr) = D/TI (4)

Where D = Distance (m) and TI (yr) are calculated in Equations
3 and 2 respectively.

Calculations assumed a constant datum among cores, which
is a reasonable assumption in this landscape with a slope
of < 8 cm/km. Two sources of uncertainty in the calculation of
SWE are insufficient elevation data for core sites and calculation
of dates from 210Pb analyses. Because of the unreliable elevation
data at core sites and insufficient precision in the use of
LiDAR, we utilized a horizontal datum base, in order to have
a similar datum for all transects. We acknowledge that there
is a calculated seaward slope of ∼1.2 km over FBCB distances
of 15 km or 8 cm in 100,000 cm (1 km). When graphed
there is very little difference between the horizontal and the
slope line at the scale of our cross-sections and therefore we
feel that using the horizontal datum is adequate. We also
recognized that the greater the slope the less SWE and that
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our calculation of SWE are likely overestimated by ∼ 200 m
in FBCBs. In addition, dates derived from 210Pb analyses
cannot be considered precise because of small differences in
isotope reactions and calculation artifacts. We suggest that
dates are accurate within + 3 years, a figure utilized in
many studies.

Results

Plant communities, mollusks, and
facies

Four dominant plant communities and associated facies
were described based upon bulk density, SOC density,
accumulation rates and depositional salinity (Table 3). Plant
communities and their associated biogenic sediments were
located in bands parallel to the coast and perpendicular to
the salinity gradient. The most interior sawgrass community
(Figure 2A) and associated peat- marl facies was only found in
the subsurface east of the L31E levee and in the area northeast
of the Card Sound Road and northwest of the L31E levee in
BBCBs. In contrast, the sawgrass facies in FBCBs occupied
the northern half of the basins and extended southward to
the mangroves in Taylor Slough. The sawgrass peat-marl facies
contained a marl matrix with horizontal rhizomes between 1
and 3 cm in diameter and short vertical rootlets and occasional
basal culms but no other aboveground material. Extensive
sawgrass areas were associated with freshwater sediments that
contained moderate but varied SOC content and were brown
to black in color (Figure 2B). Only freshwater gastropods
were present such as Planorbella scalaris (Figure 2C and
Table 2).

The spike rush-periphyton community (Figure 2D) and
marl facies, dominated the landscape between the coastal
mangroves and the sawgrass ecotone, although lost by mangrove
overstep in the northern Biscayne Bay coastal basins and Taylor
Slough. The low density, emergent vegetation in the spike rush
community maximized the area for periphyton mat and marl
production, resulting in a white, low SOC content marl with
a massive texture (Figure 2E). The marls contained little plant
material except for thin, < 6 mm, vertical carbonaceous films
and all marl types contained gastropods, sponge spicules and
diatoms, the latter two the only silicates in the system. The
euryhaline algal browsing hydrobiid, Litttoridinops monoroensis,
was the most abundant mollusk (Figure 2F) and the freshwater
detritivore, Physa cubensis, was common (Figure 2G).

The scrub mangrove community (Figure 2H) produced
variable peat-marl facies that exhibited similar SOC valves as the
sawgrass peat-marl and was gray to tan in color. The density
of cable roots and rootlet matrix varied within and between
cores (Figure 2I). Large horizontal reddish mangrove rhizomes,
up to 1.7 cm in diameter, were abundant and a fine network,

< 2 mm in diameter, of rootlets infiltrated the marl matrix. The
volume of both rhizomes and rootlets usually increased upwards
in core intervals. Cyrenoida floridana, the filter feeding marsh
clam (Figure 2J), was the diagnostic mollusk and Litttoridinops
monoroensis was the dominant gastropod.

The coastal fringing mangroves in BBCBs (Figure 2K)
produced a reddish fibrous peat facies, with abundant horizontal
cable roots and a matrix of rootlets (Figure 2L). Red mangrove
peat was also found along tidal creeks and embayments in
both BB and FBCBs. Numerous mollusks were observed on
the mangrove peat surface, although only rare, highly etched
arboreal gastropods were found in the peat. The red mangrove
fringe was replaced by the “Buttonwood Ridge,” a coastal wash-
over levee (Cottrell, 1989), covered with buttonwood and salt
marsh grasses along the Florida Bay coast. A marine mud facies
was reported at coastal TKY.

Bulk density and sediment organic carbon
content

Each facies exhibited different average bulk densities in
decreasing order: sawgrass peat-marl (0.8807), marine mud
(0.8259), mangrove peat-marl (0.6602), white marl (0.5823), tan
marl (0.5588), black marl (0.4098), mangrove peat (0.2329 g
cm3) (Figure 3A and Table 3). A Kruskal–Wallis test (p-value
of 1.512603513e-19) demonstrated that bulk density was not
consistent across the various facies. A Dunn’s Test demonstrated
that there was a difference in stochastic dominance of bulk
density levels between pairs (Supplementary Table 2A). The
average SOC density varied among the facies (Figure 3B) and
since the different facies accumulated at different rates (Table 3)
the rate of SOC g/m2/yr exhibited more variability than OC
density (Figure 3C). The average SOC density for the different
facies in descending order were mangrove peat (0.0722),
sawgrass peat-marl (0.0605), black marl (0.0590), mangrove
peat-marl (0.0522), tan marl (0.0330), marine mud (0.0250) and
white marl (0.0222 g cm3) (Figure 3B). A Kruskal–Wallis test
(p-value of 5.504501e-87) documented the distribution of SOC
density was not consistent across the various facies. A Dunn’s
Test demonstrated that there was a difference in stochastic
dominance of SOC density levels (Supplementary Table 2B).

Sediment accumulation rates
Sediment accumulation rates for the seven cores analyzed

in this study and the eight previously analyzed and the average
SAR for each sediment type were presented (Table 4). Each
facies exhibited characteristic accumulation rates. The sawgrass
peat-marl average accumulation rate was 2.2, tan marl was 1.37
and white marl was 0.79 mm/yr. The average accumulation rate
for the two-mangrove peat-marl samples was 3.2 mm/yr. The
average SOC accumulation rate (g/m2/yr) for the different facies
in descending order were: Mangrove peat (219.058), sawgrass
peat-marl (134.336), mangrove peat-marl (129.251), black marl
(79.173), tan marl (44.123), marine mud (26.677) and white
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marl (23.784 g/m2/yr) (Figure 3C). A Kruskal–Wallis test (p-
value of 8.7956109e-133) demonstrated that the distribution
of SOC accumulation rates were not consistent across the
various facies. A Dunn’s Test demonstrated a difference in
stochastic dominance of SOC accumulation rate levels between
pairs (Supplementary Table 2C). Two differences between
SOC density and SOC accumulation rate were black marl
accumulation rate differs from mangrove peat but does not
differ with SOC density and mangrove peat SOC density differs
from mangrove peat-marl but not with SOC accumulation
rate. As these differences are minor only density was reported
except for cases where rates were required for additional
calculations.

Salinity index
Two distinct groups were identified based upon mollusk-

determined SI. The first, with SI > 1.5 included the mangrove
peat, mangrove peat-marl and marine mud facies and the
second including the white, tan and black marls and the
sawgrass peat-marl facies with SI values < 1.5 (Table 3 and
Figure 3D). However, some white and tan marl sites experienced
recent SWE and therefore report SI values > 1.5. Average
SI values have little significance other than denoting whether
a sample was deposited in fresh or marine influenced water

but it is interesting to see the trend for the different facies:
sawgrass peat-marl (1.38), black marl (1.27), white marl (1.38),
tan marl (1.34), mangrove peat-marl (2.01), mangrove peat
(2.46), and marine mud (2.34), although mollusks were rare. The
contacts between non-marine and marine influenced facies in
each transect were plotted in fence diagrams (Figure 4). This
contact line delineates SWE and also separates facies boundaries
in BBCBs (Figure 4A) but not in interior FBCBs, where cores
do not exhibit facies change. HC, MC and TKY no longer have
accommodation space and TRI and TA5 exhibit continuing
SWE (Figure 4B). Transects TA4, TA3, and TA2) exhibit SWE
reversals and TA2 exhibits a second episode of SWE to its earlier
position, all in the last 20 years (Figure 4B).

Sediment organic carbon distribution

Sediment organic carbon vertical distribution
Sediment organic carbon density changed vertically in (21

of the 34 cores), all exhibiting salinity change (Table 5). SOC
vertical distribution patterns were divided into three groups:
those exhibiting no change in SOC, BBCBs exhibiting increasing
SOC and FBCBs exhibiting little change. Of those exhibiting
no change, four were BBCB cores composed entirely of marine
influenced sediments (HC850, HC600, TDE, and TFE) and nine

TABLE 3 Summary of facies characteristics (modified from Meeder et al., 2017).

Landscape
feature

Dominant
taxon

Secondary Sediment
type

Textural Bulk
density

SIˆ SOCˆ
(g cm3)

SOC (g/
m2/yr)

1 Sawgrass
marsh

Cladium
jamaicense
(sawgrass)

Periphyton
(cyanobacteria
and diatoms)

Sawgrass
peat-marl

Vertical carbon
films,

Horizontal
rhizomes

0.8807 <1.5 0.0605 134.336

2a Spike rush
prairie

Periphyton
(cyanobacteria
and diatoms)

Eleocharis
cellulosa (spike

rush)

White
marl

Gastropods,
Sponge spicules

0.5823 <1.5 0.0222 23.784

2b Eleocharis
cellulosa,

Rhizophora
mangle (red
mangrove)

Tan marl Fine vertical
carbon films,
Gastropods,

Sponge spicules

0.5588 <1.5 0.0330 44.123

2c Eleocharis
cellulosa,
Cladium

jamaicense

Black marl Dense,
Mottled,

Gastropods,
Sponge spicules

0.4098 <1.5 0.0590 79.173

3 Mangrove scrub Rhizophora
mangle (red
mangrove)

Periphyton Mangrove peat-
marl

Few leaves, fine
network of

rootlets,
marsh clam

0.6602 >1.5 0.0522 129.251

4 Mangrove fringe Rhizophora
mangle

Other mangrove
species

Mangrove peat Cable roots and
voids, rootlet

mass

0.2329 >1.5 0.0722 219.058

5 Marine mud Thalassia
testudinum
(seagrass)

Algae Marine mud Bioturbated,
skeletal material

0.8259 <1.5 0.0250 26.677

Only found in subsurface. ns, not sampled. ˆ (modified from Meeder et al., 2017), NA, not addressed in this study.
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FIGURE 2

Plant community and associated biogenic sediment with characteristic mollusk. (a) Saw grass community, (b) Saw grass peat marl overlain by
white marl (TKYINT, l7–32 cm), (c) immature Planorbella scalaris, typical freshwater gastropod (upper shell 2.2 mm in width),
(d) Eleocharis-penphyton prairie, (e) white mail overlying tan marl (Core TKYW: I2–25 cm), (f) the euryhaline Hydrobiid, Littoridinops
monoroensis (average 2 mm in height), the most abundant algal grazing gastropod, (g) freshwater Physa cubensis, a detritivore gastropod, (h)
mangrove scrub, (i) mangrove peat marl (Core X: 17–35 cm), (j) immature filter feeding marsh clam, Cyrenoida floridana (5.5 mm in height), (k)
mangrove fringe, and (l) mangrove peat (Core X: 9–25 cm).

FBCB cores recorded no SWE, including all cores from TA6
and M5 transects (EVER1, TA4-1, TA4-2, TA5-2, TA6-5, TA6-
4, M5-S, M5-I, and M5-N). Eight of the twelve BBCB cores
experienced an increase in SOC between 19.55 and 399.6 % for
an average increase of 227.7 % and increases in five cores were
significant (Table 5). Thirteen of the 22 FBCB cores exhibited
vertical changes in sediment salinity, seven exhibited decreases,
five increases and one exhibited no change in SOC. The average
change was 19.8 % and only one core exhibited an increase

and one a decrease in SOC that were significant. The trend of
SOC increasing with SWE is much stronger in BBCBs than in
interior FBCBs. SOC density was significantly different across
location (adjusted R-squared was 0.156 and p-value 2.372e-12)
(Figure 5A) but not between the 0–4, 5–9 or combined sediment
depth increments (Figure 5B). The mean SOC for the 0–4 cm
sediment interval was 0.0476 and 0.0301 and for the 5–9 cm
interval 0.0538 and 0.0310 for BBCB and FBCBs respectively
(Figure 5B).
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FIGURE 3

(A) Box-plot illustrating the relationship among bulk density and sediment types. (B) Box-plot illustrating the relationship among SOC density
(SOC g/cm3) and sediment types. (C) Box-plot illustrating the relationship among the rate of SOC accumulation (SOC g/cm2/yr) and sediment
types. (D) Box-plot illustrating the relationship among the Salinity Index and sediment types.

Sediment organic carbon horizontal
distribution

Increasing SOC density exhibits correlation with increasing
DTC in both the 0–4 and 5–9 cm intervals in Florida Bay
and exhibit little difference from one another (Figure 6A and
Supplementary Table 3). In strong contrast, Biscayne Bay SOC
decreased sharply with increased DTC in both the 0–4 and 5–
9 cm intervals but the 5–9 cm interval intercept was greater than
the 0–4 cm interval. Percent mangrove cover was determined
for each core site (Supplementary Table 4). Decreasing percent
mangrove cover weakly correlated with increasing DTC for the
combined location data (Figure 6B). When data was separated
by sediment interval and location, decreasing SOC density
correlated with increasing percent mangrove cover in Florida
Bay, with little difference in sediment interval (Figure 6C).
Increasing SOC density correlated with increasing mangrove
cover in both Biscayne Bay sediment intervals. However, the
intercept and slope differed significantly between sediment

intervals. The 5–9 cm interval had the higher intercept but a
lower slope than the 0–4 cm interval.

Salt water encroachment

Salt water encroachment began between 1895 and 1938 in
the coastal basins (Supplementary Table 5). SWE data from
the Historic Creek transect and Turkey Point were previously
calculated (Meeder et al., 2017; Meeder and Parkinson, 2018).
The three northern Biscayne Bay transects exhibit the greatest
coastal slope while recording an average SWE rate 26.2 m/yr,
which generally increased over time until 1995 with loss
of accommodation space because of the L31E levee. Fence
diagrams illustrate SWE for each transect (Figure 4). M5 and
TA6 were located between Shark River and Taylor Slough
and did not experience SWE. TS, as of 1995, experienced the
lowest rate of SWE (Meeder et al., 2017). SWE along the
TRI transect reached inland 4,800 and 7,100 m along TA5
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transect by 2015 and has continued along both transects. SWE
also reached inland 7,100 m along TA4 prior to a reversal
of 900 m back to 6,200 m starting in 2001. Likewise, SWE
occurred very rapidly along TA3 transect reaching inland
6,700 m before a reversal back to 4,500 m beginning 1987,
a retreat of 2,200 m. Transect TA2 had the most complex
salinity record for the previous two decades as SWE reached
6,000 m, reversed to 2,000 and was followed by another episode
of SWE that advanced to >7,000 m by 2015. SWE reached
inland by 2015 an average of 6,340 m with increasing SWE
distance inland from west to east (Figure 4). The three basins
(TA2, TA3, and TA4) exhibited average reversals of 2,367 m,
increasing to the east. No changes in FBCB facies were observed
at > 2 km from the coast in FBCBs. The leading edge of
SWE in FBCBs has moved inland ∼ 1.79 km in the last 2
decades.

Salt water encroachment began between 1895 and 1938 in
FBCBs and the average extent of SWE by 1940 was 2,825 m,
in 1968 was 3,550 m, in 1995 was 4,550 (Meeder et al., 1996,
2017) and in 2015 was 6,340 m. The extent of SWE after reversals
in 2015 was 4,233 m very close to the average extent in 1995.
The average rate of SWE in the different coastal basins change
by time interval. The average of all coastal basins including
those that did not experience SWE between 1895 and 1940 was
24.6 m/yr (Figure 7 and Table 6). The average rate of SWE
for the period 1940–1968 was 43.0 m/yr and 51.5 m/yr for the
period 1968–1995. The highest average rate was 78.7 m/yr for
the period 1995–2015 if reversals are not included. The period

1995–2015 was subject to the highest rates of SWE and reversals
of SWE and TA2 exhibited the most and fastest changes of all
coastal basins.

Discussion

Plant communities, mollusks, and
facies

In the SESE biogenic environment, preserved plant tissues,
especially root remains, are diagnostic in recognition of the
living plant community, and most importantly, the sediment
type whether associated with the surface plant community
or in the subsurface. The four facies of the SESE range
from marl to peat and from very little organics to entirely
organic, respectively.

Mollusks are as diagnostic as plant remains in the
recognition of plant communities and their respective
sediments. Paleontological data from fossil assemblages
accumulating contemporaneously with living populations
provide significant insights into changes in communities and
ecosystems on the decadal scale (Kidwell, 2015). The mollusks
found in cores are the same species presently found living on the
surface with the exception of the introduced exotic gastropod,
Melanoides tuberculata, therefore, there is strong fidelity
in our use of mollusk assemblages (Valentine et al., 2006).

TABLE 4 Sediment accumulation rates (based upon average accumulation rate for the century).

Core Facies SAR R2 N Yrs cm−1 Date Laboratory

NUJB Sawgrass peat-marl 2.1 0.933 1995 LSU

EP1R Sawgrass peat-marl 2.3 0.822 1995 LSU

TA2.2 Sawgrass peat-marl 2.2 – 2015 FIU

Mean 2.2 3 4.5

CTP Tan marl 1.4 0.924 1995 LSU

UJB Tan marl 1.6 0.899 1995 LSU

LHC Tan marl 1.4 0.909 1995 LSU

EP10R Tan marl 1.2 – 2015 FIU

TA2.4 Tan marl 1.6 – 2015 FIU

Mean 1.4 5 7.1

LJB White marl 1.0 0.887 1995 LSU

TA2.6 White marl 0.47 – 2015 FIU

EVER1 White marl 0.53 – 2015 FIU

TA3.4 White marl 0.96 – 2015 FIU

TA5.5 White marl 1.0 – 2015 FIU

Mean 0.8 5 12.5

CJB Mangrove peat-marl 3.1 0.855 1995 LSU

CHC Mangrove peat-marl 3.2 0.940 1995 LSU

Mean 3.2 2 3.1

SAR, sediment accumulation rate.
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FIGURE 4

Core pairs from transects indicating the dates of contacts between core pairs and the distance between the cores. The led line separates
freshwater (yellow) from marine influenced (orange) sediments, the arrow points in the direction of saltwater encroachment. (A) Short transects
from Biscayne Bay coastal basins. (B) Long transects from Florida Bay coastal basins and the Turkey Point transect from Biscayne Bay. Note the
change in horizontal scale.

M. tuberculata is found only at the surface and in the top few
cm of a few coastal cores.

Mollusks indicate salinity information unique to each plant
community, thus they are very useful for paleo-salinity analysis
in core sequences. Mollusks are successfully utilized as a proxy
for salinity in numerous studies in order to document changes
in coastal waters (Brewster-Wingard et al., 2001; Wingard et al.,
2003) and estuaries (Ishman et al., 1998; Wingard and Hudley,

2012; Martinez et al., 2013). Mollusk larvae are transported
efficiently by tidal water further into the interior than mangrove
propagules because propagules require a minimum of 4–8 cm
water depth to float (Odum et al., 1982). Thus, mollusks are very
good paleo-ecological “early warning” tools for coastal managers
of the SWE because they are numerous, easy to identify, provide
rapid results and are a very good surrogate for salinity. This
is the first utilization of mollusks to determine the rates of
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SWE along a transect and along 10 transects to determine the
heterogeneity of SWE in an entire wetland landscape providing
important data for conservation and management decisions.

Bulk density varied among facies which is related to organic
content, the higher the organic content the lower the bulk
density. The lack of down core changes in bulk density suggests
that compaction is not a problem in core interpretation. In
addition, as SOC increases the SAR increases. Marls with the
lowest SOC density demonstrate the lowest accumulation rates
(0.8 mm/yr) and mangrove peats the highest (3.3 mm/yr)
(Callaway et al., 1997; Smoak et al., 2013; Breithaupt et al., 2014).
The SESE mangrove SAR is higher than the global average of
2.7 mm/yr (Alongi, 2012) but all SARs lag behind the 3.6 mm/yr
global rate of SLR (Oppenheimer et al., 2019) and further behind
the regional rate of 9.1 mm/yr (Wdowinski et al., 2016). This
deficit establishes that submergence of the biogenic SESE will
occur in the near future (Parkinson and Wdowinski, 2022).

Saltwater encroachment

Salt water encroachment reflects a balance between
freshwater delivery and tidal water ingress driven by SLR. The
high tide associated with the accelerating rate of SLR is the
primary driver of SWE in the SESE, although changing water
delivery is also a contributor (Meeder et al., 2017). Everglades
drainage began in 1888 and continued to the 1960s (McVoy
et al., 2011) but there’s no evidence of SWE in either BBCBs
or FBCBs based upon the lack of inland mangrove expansion
in 1938 aerial photographs. Mangrove expansion began with
increased rate of SLR between 1900 and 1938 (Meeder and
Parkinson, 2018). Managed freshwater delivery increases to
Everglades National Park since∼ 2000 (Musalem, 2016; Battelle
Memorial Institute, 2020) and different tidal efficiencies explains
the present heterogeneity in SWE among basins.

Recent mollusk assemblages indicate areas of increased
saltwater delivery in coastal wetlands, along with the extent
of delivery and delivery pathways, providing a record of
biological indicators that may capture actual patterns of long-
term salinity changes better than salinity measurements alone.
For example, the level of maturity in fossil mollusk species
indicates the stability of the salinity environment. Mature
mollusks suggest a stable salinity environment in contrast to
sediment intervals containing only juveniles which may have
perished from freshwater intrusion and lack of suspended
food for the filter feeding bivalve. Furthermore, the continuing
presence of juveniles and lack of adults in a vertical sediment
sequence indicate rapid repeated SWE episodes.

The rates of SWE along the ten transects were calculated
utilizing molluscan derived SI, with two transects experiencing
no SWE and the three Biscayne Bay coastal basins experiencing
no further SWE because of the lack of accommodation space.
The average rate of SWE for the remaining transects was

∼120 m/yr, greater than the 72 m/yr average rate between 1895
and 1995 (Meeder et al., 2017). SWE moved inland up to 6 km by
1995 and in the last 20 yrs moved inland an average of∼ 1.79 km
(Figure 7). This increase in the rate of SWE is in response to
accelerating rate of SLR. No other estimates of the rate of SWE,
driven by the accelerating rate of SLR during the last century, are
known from other locations.

The rate of SWE increases in FBCBs from west to east,
with the highest rates recorded at TA2, near the terminus
of the C111 Canal. The SWE reversals are associated with
recent experimental freshwater deliveries to Taylor Slough
from the C111 Canal by Everglades and South Florida Water
Management District hydrologists in attempts to stop or
reverse SWE (Musalem, 2016). These water deliveries also
increase to the east, with the exception of TA5 which recorded
continuous SWE. The continuous SWE at TA5 documents that
water delivered to coastal basins further to the east did not
directly originate from Taylor Slough, which is the primary
target of increased freshwater delivery, but the C111 canal
which moves water eastward. A second episode of SWE in
TA extended further inland than the first, demonstrating the
rapidity of SWE at present sea-level and suggests that these
coastal communities do have some resilience to short-term
salinity changes. Maintenance of these reversals and further
SWE reversal to 1895 levels is unlikely because of the lack of
available water for delivery under conditions of accelerating rate
of SLR, conditions that limit management options (Sweet et al.,
2017). With increasing rate of SLR the rate of SWE is likely to
increase.

Salt water encroachment creates salinity stress that:
decreases sawgrass productivity (Servais et al., 2019),
increases nutrients in this oligotrophic environment changing
cyanobacteria composition to non-calcite producers (Browder
et al., 1994), may decrease root productivity as plants shift
energy utilization to above ground production, and forces a
shift in the mollusk community from freshwater to marine.
Numerous cations in marine waters alter the freshwater
ecosystem: sulfur increases decomposition rate decreasing
SOC storage (Sutter et al., 2014; Poulin et al., 2017; Chambers
et al., 2019) and Mg and Sr poison calcite crystal growth
(Bathurst, 1975). Presently, the threshold for detrimental cation
and nutrient loading may not be reached, as most interior
wetland salinities are < 2 ppt, however, effects are likely to be
catastrophic with increased salinities.

Perhaps the most important process is mangrove
infringement which also increases SOC. Mangrove infringement
results in decreasing the area of marl production (the spike
rush-cyanobacteria community) referred to as “the White Zone’
which is slowing moving landward while shrinking in area (Ross
et al., 2002). Since 1938 mangrove expansion has occurred at
the expense of the marl-producing environment (Meeder et al.,
1996, 2017, 2021; Ross et al., 2000, 2002; Rivera-Monroy et al.,
2011; Meeder and Parkinson, 2018). The extinction of the marl
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TABLE 5 Vertical changes in SOC.

Core DTC
(m)

SWE
(m)

SAR Contact
depth (cm)

Date SOC
fresh

SOC
marine

%
change

Sig Test Comment

HC850 10 10 3.3 0 None 319.5 0 na na All marine

HC600 250 250 3.3 0 None 355.7 0 na na All marine

HC400 450 450 3.2 18 1957 100.5 378.6 y t p = 3.036e-08

29

HC150 150 700 3.2 13 1973 113.4 399.6 y w p = 8.6406037 x 10-6

22.7

HC40 850 850 3.2 4 2002 95.9 308.1 y t p = 3.4805236 x 10-6

TDE 280 280 3.3 27 341.9 id No accommodation

TDWW 590 590 3.2 15 1967 170.3 173.4 n w p = 0.7989

62.3

TFE 480 480 3.3 0 None 907.3 0 na na All marine

CDW 580 580 3.2 9 1986 85.9 19.5 y w p = 0.006171

71.9

TKYE 1090 1090 3.2 20 1951 106.2 84.1 y w p = 0.0130437

57.7

TKYNW 2670 2670 3.2 2 2009 179.2 357.3 n w p = 0.0847779

39.5

TKYINT 3490 3490 3.2 4 2002 97.5 100.6 id No accommodation

48.6

TRIS 1200 1200 12.5 6 1940 25.9 –9.4 y t p = 0.03658

28.6

TRIN 3500 4800 12.5 5 1953 37.7 83.9 n t p = 0.5971555

20.5

EVER1 5120 5120 7.5 0 44.4 None 0 na na All freshwater

TA2-6 1670 1670 12.5 2 1990 30.3 –2 id Renewed SWE

7.1 6 1972 30.9 –22.4 id SWE reversed

7.1 13 1923 39.8 –12.5 n t p = 0.1525

7.1 45.5

TA2-5 2530 2530 7.1 5 1979 38 –2.8 id SWE reversal

1958 24.5 39.1 51.6 n w p = 0.5184

TA2-4 3410 3410 7.1 4 1987 39.8 –4.6 id SWE reversal

7.1 6 1972 41.7 20.9 n t p = 0.668

34.5

TA2-2 5080 6000 4.5 2 2001 47.3 9.7 id Renewed SWE

7.1 7 1965 43.1 –6.3 id SWE reversal

7.1 10 1944 46 2.7 n w p = 0.2632433

41.1

TA3-5 3150 3150 12.5 6 1940 20.8 –11.5 n t p = 0.164991

23.5

TA3-4 4040 4040 12.5 5 1952 26.2 17.5 n w p = 0.2117989

22.3

EP10R 5800 7000 7.1 8 1958 28 –25.1 n t p = 0.065186

37.4

EP9R 6640 7000 7.1 4 1987 45.6 32.9 id SWE reversed

7.1 6 1972 34.3 –12.3 n t p = 0.9168653

7.1 39.1

TA4-2 7360 7360 7.1 50.6 0 na na All freshwater

(Continued)
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TABLE 5 (Continued)

Core DTC
(m)

SWE
(m)

SAR Contact
depth (cm)

Date SOC
fresh

SOC
marine

%
change

Sig Test Comment

TA4-1 8250 8250 7.1 41 0 na na All freshwater

TA5-5 4760 4760 12.5 11 1977 29.9 –4.8 y w p = 0.0039049

12.5

TA5-4 5680 5680 7.1 6 1972 25.2 –44.4 n t p = 0.067407

45.3

TA5-3 6610 7100 7.1 2 2001 61.8 10 n t p = 0.372878

56.2

TA5-2 7520 7520 7.1 56.2 None 0 na na All freshwater

TA6-5 8570 8570 7.1 41.6 None 0 na na All freshwater

TA6-4 10060 10060 7.1 45.6 None 0 na na All freshwater

M5-S 8870 8870 7.1 55.4 None 0 na na All freshwater

M5-I 10800 10800 7.1 51.3 None 0 na na All freshwater

M5-N 11600 11600 4.5 92.4 None 0 na na All freshwater

DTC, distance to the coast; SWE, distance of saltwater encroachment from the coast; SAR, sediment accumulation rate; SOC, sediment organic carbon; Sig, statistical significance; y, yes
there is significance; n, there is no significance; t, T-test; w, Wilcoxon Rank-Sum Test; na, not applicable; id, Insignificant data.

producing environment is observed in the northern two BBCB
transects by mangrove infringement.

Sediment organic carbon

Spatial and temporal changes in SOC are related to
SLR. During the Anthropocene Marine Transgression, SWE
transported mangrove propagules landward and over time
created a wedge-shaped marine influenced sediment body,
decreasing in thickness landward, overlying freshwater sediment
(Meeder and Parkinson, 2018). Most vertical and horizontal
SOC change is a function of marine mangrove peat with their
very high SOC density (0.072 g/cm3) and a SAR of 219.1 g/m2/yr
replacing freshwater marl (0.033 g/cm3 and 44.1 g/m2/yr,
respectively) in response to SWE, as reported at other sites
(Krauss et al., 2011; Raabe et al., 2012; Saintilan et al., 2013;
Armitage et al., 2015). South Florida mangrove values are higher
than all known terrestrial ecosystems and ∼11 % greater than
the mangrove global average (Chmura et al., 2003; Wang et al.,
2020). This sequence of mangrove overlying other sediment
types is also reported at other South Florida sites (Smoak et al.,
2013; Breithaupt et al., 2020; Dontis et al., 2020; Vaughn et al.,
2020; Steinmuller et al., 2021). Spatial changes track temporal
changes as the area under SWE increases with SLR. Globally,
since the beginning of the Anthropocene Marine Transgression,
landward migrating mangroves are reported in most low-lying
coastlines within their expanding range (Saintilan et al., 2013;
Doughty et al., 2016). Mangrove expansion in response to SLR
is replacing salt marshes (Gonneea et al., 2019; Watanabe et al.,
2019; Dontis et al., 2020), coastal freshwater wetlands (Thom,
1967; Meeder et al., 2017) and colonizing recently created

intertidal mudflats (Thom, 1967; Wells and Coleman, 1981;
Swales et al., 2012; Chow, 2018).

Mangrove contribute to SOC within two decades as
observed in changes from marl to mangrove peat marl in
numerous cores (Figure 4B). However, the conversion of
mangrove peat-marl to peat requires a much longer time as
demonstrate by the thick mangrove peat-marl sequences. This
trend of increasing SOC with time is also reported from South
China (Chen et al., 2018). This fundamental process is an
important one, because increasing SOC increases the SAR
which decreases the deficit with SLR. Thus, SOC increases the
longer a substrate is exposed to SWE, mangrove recruitment,
increased growth and cover. This is supported by the decrease
in mangrove cover with increased distance to the coast
(Figure 6B) and that SOC increases with increasing mangrove
cover (Figure 6C). These two relationships are well illustrated
along the HC transect where the SOC density decreases from
0.077 in the mangrove peat facies to 0.030 g/cm3 in the interior
mangrove peat-marl facies overlying the basal marl facies with
0.023 g/cm3 (Table 5). The depth interval of young mangrove
root development is unclear in the literature. Therefore, depth
intervals were compared and the 5–9 cm depth interval in
Biscayne Bay cores exhibits a weak trend of higher SOC values
than the 0–4 cm interval, likely because of longer period of
mangrove deposition and the presence of cable roots in the
lower interval. Mangrove SOC contribution in the 5–9 cm
interval is lower than in the 0–4 cm sediment interval, when
mangrove cover exceeded 60 % (Figure 5B). Cyanobacteria
and marl production decrease with increased mangrove cover
because of light competition, comprising a major step in peat
formation and increasing SOC deposition.
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FIGURE 7

Saltwater encroachment by time. Extent of saltwater encroachment in I895 (Yellow line), 1995 (Green line), 2015 maximum saltwater
encroachment (Red line) and 2015 final saltwater encroachment (Purple line). The location of 1995 transects are indicated by black dashed lines
and 2015 transects by solid black lines. TPPP, Turkey Point Power Plant.

Biscayne Bay coastal basins exhibit statistical increases in
temporal and spatial SOC distribution but have expended
horizontal accommodation space (Meeder et al., 2021).
A general trend of decreasing SOC with increased distance
from the coast in BBCBs is documented because of decreasing
mangrove cover and SOC contribution (Figure 6A). In
contrast, there is no correlation nor consistency between
vertical SOC density and change in salinity in the combined
FBCB core data set although individual cores exhibit vertical
change (Table 5). However, FBCB transects exhibit a small
but weakly significant increase in SOC with increased DTC
(Figure 6A). This trend exists because interior wetlands
have not experienced salinity stress, whereas salinity stress
decreases freshwater plant (Wilson et al., 2018; Servais et al.,
2019) and periphyton productivity (Mazzei et al., 2018) with
increased time since SWE. Furthermore, there are several
other reasons SWE produced changes in SOC deposition
differ among BBCBs and FBCBs: (1) BBCB transects are
within the area of mangrove infringement, whereas FBCBs
transects were found further inland overlapping the freshwater-
marine influenced sediment contact. (2) Tidal efficiency is
greater in BBCBs because the offshore banks and coastal
bays decrease tidal exchange in FBCBs resulting in decreased
mangrove recruitment and therefore mangrove derived SOC.
(3) Propagules are transported by storm or high tides which
vary in location and extent, explaining the patchy mangrove
distribution. (4) Mollusk larvae are transported further inland
with SWE than mangrove propagules because propagules float
vertically and contact substrate at depths between 4 and 8 cm

(Odum et al., 1982), therefore the area of SWE is greater than the
area of mangrove infringement. (5) Mangroves have not been
present long enough to contribute to SOC in FBCB interiors.

The SESE is a very dynamic environment because the
accelerating rate of SLR driving SWE is increasing the
distribution of mangroves while decreasing the area of marl
production, changing patterns of SOC deposition and increasing
salinity stress in interior basin areas. These changes have
occurred within the last century documenting the rapidity of
SWE. Rapid SWE, reversal and second episode of SWE in ∼
20 years demonstrates the sensitivity in wetland response to both
SLR and changes in freshwater delivery. Future SOC deposition
depends upon mangrove productivity and rate of establishment
in this oligotrophic environment with increasing hydroperiod
and water depth.

Summary

The paleo-ecological application of molluscan salinity
tolerances to determine freshwater from marine influenced
sediments in cores and along transects provided a stronger basis
for tracking SWE than inland mangrove extent in this study.
Stratigraphy recorded physical changes through time and space,
calibrated by 210Pb radiometric dating. The rates of SWE varied
among coastal basins and the average rate of SWE increased
over time with the increasing rate of SLR. SOC increased along
the coastal areas in BBCBs but exhibited little change in FBCB
interiors. Mangrove infringement is responsible for increases
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FIGURE 5

(A) Relationship between SOC density and sediment depth by
location. (B) Relationship among SOC, depth interval and
location. BB, Biscayne Bay; FB, Florida Bay.

in SOC and the decrease in marl forming environment, but
according to mollusk data and constraints on mangrove seed
transport (Odum et al., 1982), SWE can extend further inland
than mangroves, thus SOC does not necessarily track SWE into
the interior.

All facies SARs are deficit to the rate of SLR presently
causing inundation ponding, beginning of submergence and
marine sediment deposition. The 9.1 mm/yr regional rate of
SLR is nearly twice the 5 mm/yr rate predicted to result in
the loss of mangrove resilience (Sweet et al., 2017) and three
times the highest observed SAR. The marine mud facies is
encroaching upon coastal mangrove facies by deposition of
suspended sediments during high tides at TKY, as observed in
other south Florida locations (Risi et al., 1995; Castañeda-Moya
et al., 2010; Smoak et al., 2013), and is likely to expand with
continued coastal submergence. Interior areas will continue
to receive propagules but further mangrove development is
problematic because of the increasing hydroperiod and water
depth. At the present rate of SWE the freshwater wetlands of
the SESE will be lost within the next 70 years and replaced
by submerging mangrove and intertidal followed by subtidal
mudflats.
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FIGURE 6

(A) Regression analysis demonstrates the relationship between
SOC and DTC by sediment depth interval by location
(Supplementary Table 1). (B) Percent mangrove cover as a
function of distance to the coast (data from all 50 vegetation
sites including the 22 sediment core sites) and (C) Regression
analysis demonstrates the relationship between SOC density
and percent mangrove cover by location and sediment depth
interval (Supplementary Table 1).

Management considerations

The paleo-ecological utilization of mollusks to determine
historic salinities in cores and SWE along transects is a
reproducible, fast, easy and an economic method for coastal
land manager application. Mollusk assemblages documented
SWE reversals, back to 1995 levels, from marine to freshwater,
were very rapid and produced by experimental water releases

after 2000 (Musalem, 2016). Such a reversal documents that
increases in delivery can stop and reverse SWE. However,
increasing freshwater delivery may not resolve the long-term
problem of SWE for several reasons: (1) It is doubtful that
the levels of water delivery during these experiments could
be applied throughout the study area because of the limited
water supply and delivery problems. (2) As sea-level rises, the
drainage potential of delivered water decreases and delivered
water stacks up along the coast, increasing hydroperiod
and water depth in the interior, and stressing communities
prior to SWE and submergence, (3) Increasing water depth
extends hydroperiod that adversely affects sawgrass, eliminates
marl production (Browder et al., 1994) and increases tidal
efficiency. The significance of bottom friction and resistance
to flow from emergent vegetation decreases with increasing
water depth. (4) Increased freshwater delivery is unlikely to
provide long-term solution because of the deficit between
SLR and SAR rates (Parkinson and Wdowinski, 2022). (5)
Every year freshwater levels have to be elevated 9.4 mm
just to maintain elevation with SLR and diminish SWE
but the entire SESE will still be exposed to increasing
tidal influx which appears counter the CERC directive to
“eliminating discharge of damaging flood waters” in the
C111 Basin (Perry, 2004). (6) SWE will soon reach the
more organic rich sawgrass communities initiating collapse
(DeLaune et al., 1994) as observed in marshes west of the
SESE (Chambers et al., 2015). Finally, (7) The second episode
of SWE at TA2 documents the incredible rapid rate at
which SWE occurs at this stage of SLR suggesting that the
other FBCBs are likely to experience increased SWE very
soon.

Predictably, SWE should reach the toe of the ACR between
2062 and 2070 based upon the 125 m/yr rate of SWE and
if the rate of SLR increases as predicted, with no increases
in freshwater delivery, SWE will reach the ACR sooner,
terminating sawgrass and marl production and decreasing SOC
deposition. The conversion from freshwater-saline wetlands
to intertidal and subtidal mudflat is inevitable under present
conditions of SLR. Submergence exposes the entire Late
Holocene sediment package to erosion and export into adjacent
marine ecosystems, as well as, the coral reef. This could be
a major ecosystem stressor if not mitigated. Perhaps society
needs to shift away from the paradigm of protecting what is
going to be lost regardless of intervention and expense, in
select cases, to directing the trajectory toward novel systems
that provide important ecosystem services, before even such
actions are too late.

Future work should include continuing hydrographic
monitoring of surface water elevation and calculation of
deliveries, establishment of permanent SWE monitoring
stations with vegetation, sediment, nutrient, SOC water depth
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and salinity parameters monitored routinely. Experiments
should be conducted to determine how increased water depth,
hydroperiod, nutrients and salinity affect mangrove, spike rush
and sawgrass communities. Understanding how increasing
water depth and extended hydroperiod affects successful
mangrove propagule settlement, growth and SOC contribution
is necessary in order to determine if mangroves can increase
cover and maintain ecosystem services until submergence.
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