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Abstract Florida’s coastal salt marshes are vul-
nerable to both direct and indirect human impacts,
including climate change and consequent sea-level
rise. For a salt marsh to survive in the face of ongo-
ing sea-level rise, organic and/or mineral sediment
must accumulate at a rate equal to or faster than that
of sea-level increase. We explored the effects of Late
Holocene sea-level variations in the Suwannee River
Estuary within the Big Bend region of Florida (USA).
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We conducted a paleoenvironmental study of a sedi-
ment core collected from a salt marsh near Cedar
Key, on Florida’s Gulf of Mexico coast. The core
spans the last~320 years of sediment accumulation.
Carbon isotope (8'°C) data and diatom assemblages
indicate the salt marsh was relatively stable during
that time frame and was dominated by C3 vegetation,
likely Juncus roemerianus, but experienced moder-
ate variations in salinity that likely reflect changes
in sea-level, with an increase in salinity and marine
incursions between~ 1850 and 1930 CE. Whereas
small vertical changes in sea-level have the potential
to inundate large areas of the low-gradient salt marsh,
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as observed during the interval ~ 1850-1930 CE, the
salt-marsh vegetation recovered quickly after 1930
CE, indicating that the rate of aggradation and veg-
etation growth kept pace with the rate of sea-level
rise. Despite the apparent resiliency of Big Bend salt
marshes and likelihood that they will persist through
accretion and migration, we expect to see major
changes in salt-marsh ecology if rates of sea-level rise
continue to accelerate.

Keywords Diatoms - Sediment lithology - Stable
isotopes - Sea-level rise - Aggradation - Salinity

Introduction

Subtropical salt marshes occur along low-energy
shorelines on Florida’s Gulf of Mexico coast, at the
mouths of rivers, and in bays, bayous and sounds
(Florida Department of Environmental Protection
2020). These salt marshes are intertidal habitats that
provide food, refuge, and nursery areas for numerous
economically important taxa, including shrimp, blue
crabs, and many finfish species (Zedler and Kercher
2005; Barbier et al. 2011). Salt marshes also pro-
vide other ecosystem services, in that they prevent
shoreline erosion by buffering wave action and trap-
ping sediment (Moller et al 1999; Mudd et al. 2010).
Salt-marsh ecosystems were considered to be highly
vulnerable to sea-level rise, with static models pre-
dicting the imminent loss of 20-60% of coastal wet-
lands worldwide (Nicholls et al. 2007; Craft et al.
2009). Nevertheless, subsequent studies showed that
salt marshes are in fact dynamic and less vulnerable
than originally believed (Kirwan et al. 2016). Their
long-term stability results from interactions among
sea-level, land elevation, primary production, and
sediment accretion (Morris et al. 2002). Those inter-
actions are complex and lack linear feedback mecha-
nisms (Kirwan et al. 2010). For instance, contrary to
expectations, Morris et al. (2002) found that vegeta-
tion at low elevations grew faster during anomalously
high sea-level years, possibly because of greater
organic and mineral accretion and limited erosion.
Florida’s west coast salt marshes are vulner-
able to both direct and indirect human impacts. In
some areas, residential development has destroyed
upstream, freshwater tidal zones (Adam 2016). Salt
marshes are also affected by climate change and
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consequent sea-level response. For a salt marsh to
survive in the face of ongoing sea-level rise, sedi-
ment (organic and mineral) must accumulate at a
rate equal to or faster than that of sea-level increase.
If sediment accretion cannot keep pace with the rate
of water rise, marsh plants may be drowned and the
area will be transformed into an open-water, muddy
habitat (Sanger and Parker 2016). Additionally, salt
marshes in some areas may transition into mangrove
forests as the climate warms and mangroves migrate
poleward (Saintilan et al. 2014; Giri and Long 2016;
Cavanaugh et al. 2019).

Tide-gauge records from around Florida show that
sea-level has risen at a mean rate of~2.1-2.4 mm
a~! during the last century, with accelerations in
rate between 1928 and 1948, and again since 2000
(Mitchum et al. 2017). Some studies have looked at
the impact of accelerating sea-level rise on Florida’s
coastal forests (Williams et al. 1999; DeSantis et al.
2007; Langston et al 2017), but only a few investiga-
tions have compared the rate of sea-level rise to the
rate of sediment accretion (Smoak et al. 2013; Bre-
ithaupt 2014; Vaughn et al. 2020, 2021) or explored
how sea-level rise has affected the plant community
in coastal salt marshes (Morris et al. 2002; Meirland
et al. 2015).

The Big Bend’s extremely flat topography, along
with its low sediment supply, predisposes it to be
highly susceptible to changes from sea-level rise
(Hine et al. 1988; Kirwan and Megonigal 2013).
Despite its overall relatively pristine condition, this
ecologically unique region has experienced large-
scale changes, including salt-marsh erosion, coastal
forest die-off and replacement by inland-migrating
salt marsh, and substantial oyster-reef collapse (Wil-
liams et al. 1999; Geselbracht et al. 2011; Seavey
et al. 2011; Raabe and Stumpf 2016). Studies indi-
cate that these changes are induced by sea-level rise
and reduced freshwater discharge into the estuaries,
though the interplay between these drivers is unclear
(Seavey et al. 2011; Raabe and Stumpf 2016). These
uncertainties and the ecological significance of this
coastline served as primary motivations to examine
Big Bend salt marsh responses to sea-level rise and
salinity change. Our goal in this “paleo” study was
to conduct a preliminary investigation of the effects
of sea-level variations during the last few centu-
ries on the physical and biological characteristics of
the Suwannee Estuary salt marsh near Cedar Key,
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Fig.1 A Map of the Suwannee River Estuary off the west
coast of Florida, USA. Red dot indicates the location of the
core site in the Cedar Key salt marsh. Inset map shows an out-
line of the state of Florida, with the study area indicated by a
box. B Main geomorphological units around the core site (red
triangle) C picture of the core and surrounding landscape D
Schematic representation of the profile A-A" (Fig. 1B) showing
the relative altitude between high marsh, low marsh and tidal

Florida. To achieve that, we collected a sediment
core and: 1) used 2!°Pb dating to determine the rate of
sediment accumulation at the study site, 2) employed
stable carbon isotopes (83C) to assess whether the
community of higher plants at the site had changed
in response to recent sea-level rise, and 3) evaluated
sea-level changes and paleoenvironmental responses,
utilizing temporal shifts in the salinity and life-form
preferences of sedimented diatom assemblages.

Study area

Our study site is located in the southern portion of
the Suwannee River Estuary, within the Big Bend
region of Florida’s Gulf of Mexico coast (Fig. 1).
The Big Bend is a low-gradient, low-wave-energy
coastline that supports vast expanses of salt marsh,
with coastal forest farther inland and in elevated

creek, frequency of flooding and type of vegetation. The alti-
tude between the three environments was approximated with
Google Earth Pro. Different environments were defined using
elevation profiles, analysis of historical images through recog-
nition of different altitude cover by tidal floods, and changes
in the image texture associated with vegetation cover. Because
altitude measurement is inaccurate, we simply used relative
altitude

patches throughout the marsh (Hine et al. 1988).
Much of this coastline is held as federal, state, or
local protected land. Most of the Suwannee Estu-
ary’s wetlands and forests are preserved as part of
the Lower Suwannee National Wildlife Refuge,
though the coring site is just outside the Refuge
boundary. The region has a low amount of impervi-
ous surface and little industrial or residential devel-
opment, with high coverage of wetlands and upland
forests (Seavey et al. 2011). The region has a warm,
sub-tropical climate that is characterized by long,
wet summers (Mattson et al. 2007).

The region’s coastal wetlands began forming
during the Middle Holocene, when sea-level rise
drowned Pleistocene dunes, forming offshore sandy
shoals. Then, during the Middle to Late Holocene
highstand, the coast became aggradational, as flu-
vial input increased and the shoreline stabilized.

@ Springer
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The modern marsh system formed in the Late Holo-
cene (Wright et al. 2005). The region is underlain
by shallow limestone bedrock with karstic features,
which leads to rapid and spatially irregular sur-
face—groundwater exchange (Mattson et al. 2007).
Dissolution of this underlying bedrock led to devel-
opment of an irregular topography that influences
modern ecosystem distributions and sedimentation
patterns (Hine et al. 1988).

Materials and methods

On 16 January 2015, we collected an 84-cm-long
sediment core from a site (N 29° 14’ 57.0", W 83°
03’ 05.1") that lies~15 m from a tidal creek in a
high salt marsh, where the marsh surface is just
above mean sea-level and experiences low-fre-
quency tidal inundation (Fig. 1). The core was taken
with a sediment—water interface corer (Fisher et al.
1992), ~ 10 km north of the town of Cedar Key, and at
a roughly equivalent distance southeast of the mouth
of the Suwannee River. We selected the sampling site
in the high salt-marsh environment with the objec-
tive of documenting the Late Holocene transgression,
and to test whether there had been a transition from
a freshwater wetland or Holocene intertidal zone to
a salt-marsh environment. Previous studies south
of the Suwannee River (Wright et al. 2005) showed
that the salt-marsh facies accumulated after the Late
Holocene transgression. Thereafter, the Eocene lime-
stones were covered with~1.2 m of sediment at the
shoreline, with decreasing thicknesses farther inland.
Vegetation at the core site is dominated by the rush
Juncus roemerianus, whereas nearby areas, par-
ticularly along the tidal creek edges, host cordgrass
(Spartina alterniflora). The retrieved core was main-
tained in a vertical position and extruded and sampled
in the field at 4-cm intervals. Samples were placed in
labeled containers and transported to the laboratory
where they were refrigerated at 4 °C prior to analysis.

Bulk density and core chronology

Bulk density (dry mass cm™ wet) in each strati-
graphic sample was determined by weighing a meas-
ured volume of wet sediment, freeze-drying, and
re-weighing. Age-depth relations for the salt-marsh-
sediment core were determined by 2'°Pb dating. We
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used EG&G Ortec, low-background, well-type ger-
manium detectors, connected to a 4096-channel,
multi-channel analyzer, to measure total and sup-
ported 21°Pb activities (Appleby et al. 1986; Schelske
et al. 1994). Total 2!°Pb activity was obtained from
the photopeak at 46.5 keV. Radium-226 activity (i.e.,
supported 2!°Pb activity) was estimated by averaging
the activities of *'*Pb (295.1 keV), *'*Pb (351.9 ke V),
and 2"Bi (609.3 keV; Moore 1984). Unsupported
(excess) 2!'9Pb activity in each sample was determined
by subtracting 2*Ra activity (i.e., supported >'°Pb
activity) from total 2!°Pb activity. We calculated sedi-
ment ages with the constant-flux, constant-sedimenta-
tion (CFCS) model (Krishnaswamy et al. 1971). We
estimated the average mass-sedimentation rate (MSR,
mg cm™2 a~!) as the quotient of the decay constant of
210Pb (0.031) divided by the slope of the regression of
the natural log of unsupported *!°Pb against the mid-
depth cumulative mass (mg cm~2). We calculated age
errors using the 95% confidence interval of that MSR
estimate. Cesium-137 activity was determined simul-
taneously from the 661.7 keV photopeak, in an effort
to identify the 1963 cesium fallout maximum caused
by atmospheric bomb testing (Krishnaswami and Lal
1978). Dates on sediment depths below the unsup-
ported/supported 2!°Pb boundary were estimated by
downward extrapolation of the average MSR calcu-
lated for the datable, topmost 24 cm of the core.

Sediment geochemistry

The total organic carbon to nitrogen ratio (TOC/TN)
and 8'°C values of sediment organic matter (OM) are
commonly used to identify the source of sediment
OM (algae/macrophytes vs terrestrial plants) and
the photosynthetic pathway (C3 and C4) used by the
vegetation that contributed to that OM, respectively
(Lamb et al. 2006). We calculated the TOC/TN ratio
to distinguish algal-dominated tidal flats from salt-
marsh environments inhabited by emergent higher
plants. We used the §'°C of the OM to recognize
vegetation shifts between C4 Spartina alterniflora,
which dominates in low salt-marsh environments to
C3 Juncus roemerianus, which is more abundant in
high salt-marsh areas. In addition, total nitrogen (TN)
and 8'°N analyses enabled us to identify periods of
greater algal contribution to the sediment and early
diagenesis (Yu et al. 2018).
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OM content in dry sediment was measured by
weight loss on ignition for 2 h at 550 °C. Total carbon
(TC) and TN were determined using a Carlo-Erba NA
1500 C/N/S analyzer. Total inorganic (carbonate) car-
bon (TIC) was measured by coulometry (Englemann
et al. 1985). Weight percent of the carbonate compo-
nent of the sediment was calculated as 8.333xTIC
(%), assuming that all inorganic carbon is bound in
CaCO;. TOC was calculated as TC minus TIC, and
the carbon/nitrogen ratio was figured as % mass
TOC/% mass TN.

The 5'3C values of sediment TOC were measured
after decarbonation by acidification with 1 N HCI
and rinsing with de-ionized water. Stable isotopes
of nitrogen (§'°N) in OM were run on bulk dry, non-
acidified sediment. Samples for stable isotope analy-
ses were loaded into tin capsules that were placed
in a carousel atop a Carlo Erba NA1500 elemental
analyzer. After flash combustion in a quartz column
at 1000 °C in an oxygen-rich atmosphere, generated
gas entered a He carrier stream and passed through
a hot elemental Cu reduction column (650 °C) to
remove oxygen. Water was removed from the gas
when it passed through a magnesium perchlorate trap.
The effluent stream from the elemental analyzer was
connected to a Thermo Electron DeltaV Advantage
isotope ratio mass spectrometer via a Thermo Finni-
gan ConFlo II interface. Carbon and nitrogen isotope
results were measured relative to an internal labora-
tory-reference standard and calibrated to Vienna Pee
Dee Belemnite (VPDB) and Air, respectively. Isotope
ratios are expressed as permil in standard delta nota-
tion. The lithologic and geochemical diagrams were
made with the tidypaleo package (Dunnington et al.
2022) for R software (R Core Team 2020) and the
zonation of the core was achieved using a constrained
hierarchical cluster analysis with CONISS, using the
Rioja package (Juggins 2017).

Diatoms

We selected diatoms as environmental bioindica-
tors for this study because they: 1) were numerous
and well-preserved in most samples throughout the
sediment core, 2) have well-established and distinct
ecological preferences, and 3) respond rapidly to
environmental changes. These characteristics made
them ideal microfossils for inferring past shifts in

salinity and tidal exposure, and therefore past sea-
level change (Vos and de Wolf 1993; Taffs et al.
2017).

Subsamples for diatom analysis were prepared
from every 4-cm sediment interval, using standard
protocols (Battarbee et al. 2001). Briefly, 0.1-0.2 g
of sediment that had been dried at room tempera-
ture, was placed in 30 mL of 30% H,0O, for 48 h to
remove OM. Digested samples were rinsed with dis-
tilled water and centrifuged three times and brought
to a final volume of 40 mL. Using a disposable
pipette, 0.3 uL was removed, placed on a cover slip,
and dried at room temperature. Permanent slides
were mounted in Zrax (RI- 1.7 +) and previewed to
ensure diatom density was not excessive. Samples
from depths of 8, 28, 60, 64, and 72 cm were too
dense, and therefore diluted to a volume of 80 mL.
Diatoms were identified and counted at 1000 X mag-
nification with an Olympus CX31 microscope. At
least 400 diatom frustules were counted per slide.
Diatoms were identified to the lowest taxonomic
level when possible, using the Diatoms of North
America online database (diatoms.org; Spauld-
ing et al. 2022) and Witkowski et al. (2000). Valve
preservation in samples from the core was noted.
Absolute diatom counts were transformed to rela-
tive counts using Tilia and plotted with Tiliagraph
software version 2.6.1. (Grimm 1992). Species
with < 2% abundance were not included in the anal-
ysis, except if they were present in at least three
consecutive samples.

Ecological information for each species came from
a variety of sources, with the main references being
Denys (1991), Vos and de Wolf (1993) and Wit-
kowski et al. (2000). To infer the past environmen-
tal conditions at the core site, diatoms were grouped
based on lifeform (planktonic, benthic, epiphytic,
tychoplanktonic) and salinity (freshwater, freshwa-
ter-brackish, slightly freshwater-brackish, brackish-
marine, marine-brackish) preferences (Vos and de
Wolf 1993; Table 1). Salinity ranges for the marine,
estuarine (brackish) and freshwater environments are
20-35, 5-20 and 0-5 psu, respectively (Parsons 1998;
based on Round 1981). Qualitative observations on
the appearance of non-opaque iron hydroxides (hema-
tite/limonite) in the diatom slides were used to distin-
guish subaqueous from exposed conditions, assum-
ing oxidation occurred under subaerial conditions.
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Table 1 Ecology of diatoms recorded in the Cedar Key sediment core (See additional information in ESM)

Species Salinity Lifeform Figures on ESM
Cocconeis cascadensis Freshwater'® Benthic'® Fig. S11
Cyclotella distinguenda Freshwater'! Planktonic'! Fig. S15
Diploneis calcilacustris Freshwater'? Benthic'? Fig. S10
Diploneis weissflogii Marine' Benthic epipelic? Fig. S7
Hyalodiscus scoticus Marine brackish — Brackish marine! ~ Tychoplanktonic'; epiphytic?>  Fig. S5
Nitzschia granulata Marine brackish — Brackish marine'  Benthic epipelic® Fig. S6
Paralia sulcata Brackish marine* Tychoplanktonic'* Fig. S3 and S4
Paralia sulcata var. genuina f. coronata ~ Marine’ Fig. S1
Paralia sulcata var. genuina f. radiata Marine’ Tychoplanktonic; epiphytic® Fig. S2
Pseudopodosira echinus Marine — brackish'? Benthic!? Fig. S8 and S9
Thalassiosira cedarkeyensis Marine’ Benthic’ Fig. S12
Achnanthes taylorensis Freshwater!” Fig. S16
Actinoptychus cf. splendens Marine? Plankton? Fig. S17
Actinoptychus senarius Marine? Fig. S18
Cosmioneis brasiliana Fresh — Brackish® Fig. S14
Grammatophora cf. oceanica Marine? Plankton; epiphytic? Fig. S19
Planothidium cf. delicatulum Brackish"® Fig. S20 and S21
Staurosirella martyi Slightly freshwater — brackish'* Benthic Fig. S22
Thalassiosira eccentrica Marine? Plankton® Fig. S23
Tryblionella compressa Marine brackish'® Fig. S24
Tryblionella hyalina Marine brackish — brackish marine’  Benthic’ Fig. S13

(1) Denys (1991); (2) Vos and de Wolf (1993); (3) Witkowski et al. (2000); (4) McQuoid and Nordberg (2002); (5) Sims and Craw-
ford (2017); (6) Siqueiros Beltrones and Lopez Fuerte (2003); (7) Costa-Boddeker et al. (2017); (8) Wetzel et al. (2017); (9) Mandal
et al. (2020); (10) Stancheva (2019); (11) Lowe and Manoylov (2011); (12) Jovanovska et al. (2019); (13) Bergamino et al. (2018);
(14) Pedraza Garzon (2014); (15) Riaux-Gobin et al. (2018); (16) Bertolli et al. (2020); (17) Antarctic Freshwater Diatoms (2010)

We used relative abundance of sponge spicules as an
additional indicator of marine influence.

Samples were normalized by square root trans-
formation to compensate for large differences in
abundance between rare and abundant species (Leg-
endre and Gallagher 2001), using the Vegan pack-
age (Oksanen et al. 2019) from R software (R Core
Team 2020). Diatom zones were defined using a con-
strained hierarchical cluster analysis with CONISS,
using the Rioja package (Juggins 2017). Reported
depths for diatom zones are the sample mid-points.

Results
Core chronology

Total 2!°Pb activity in the uppermost 24 cm of the
core ranged from a high of 11.1 to a low of 2.0
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dpm g~! (Fig. 2). Supported 2'°Pb activity (**°Ra)
was generally low, between 1.0 and 3.2 dpm g~
Unsupported 2!°Pb activity in the profile declined
relatively consistently from a maximum of 8.2 dpm
g~ in the topmost section (0—4 cm) to 1.1 dpm
g_' in the 1620 cm section, and then to zero (i.e.,
supported 2'°Pb only) in the 20-24 cm interval
(Fig. 2). The oldest calculated 2!°Pb date, at 24 cm,
was CE 1898 (Fig. 2), indicating that 24 cm of sed-
iment had accumulated in the last~ 120 years. The
cumulative excess >!°Pb inventory at the core site
was 15.2 dpm cm™2. The linear sedimentation rate
in the 2!°Pb-datable section of the core was nearly
constant, with each 4-cm interval representing
accumulation over a period of 17.7-21.7 years. We
used the relatively constant MSR measured in the
topmost 24 cm (54.7 mg ecm2a! [~2.1 mm a™'])
to extrapolate age-depth relationships downward,
and calculated an estimated age of~320 years
(ca. 1700 CE) at 68 cm in the core, the depth over



J Paleolimnol (2023) 69:327-343

333

Fig. 2 A Total 2'°Pb, *°Ra A
(supported >'°Pb) and ¥'Cs
activities versus depth in the 0
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rate of 54.7 mg cm2a
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which sediment-bulk density remained nearly con-
stant. The only sample with a slight peak in '*’Cs
activity came from 4-8 cm depth (Fig. 2), but
yielded an activity of only 0.6 dpm g~!. The bot-
tommost two samples each displayed barely detect-
able 137Cs activity values of 0.1 dpm g~!, whereas
other levels in the core were entirely devoid of
37Cs activity.

Sediment composition and stable isotopes

Sediments in the three basal samples (84-72 cm)
had relatively high bulk densities, between 0.695
and 0.778 g dry cm™ wet, and were far denser than
overlying deposits and much lighter in appearance.
The bottom four samples (84—68 cm) had TIC val-
ues between 6.0 and 10.0% (Fig. 3), indicating they
were composed of ~50.3-83.5% CaCOj;. The interval
from 72 to 68 cm marks a transition to somewhat less
dense (0.469 g dry cm™ wet) and less mineral-rich
deposits. Above 68 cm, bulk density of the sediments
varied little, ranging from a low of 0.231 g dry cm™
wet at 3632 cm, to a high of 0.297 g dry cm™ wet at
16-12 cm (Fig. 3).

OM content in the carbonate-rich sediments in the
bottom sections was relatively low, ranging from 6.5
to 15.4%. OM content in the uppermost 68 cm ranged
from a low of 29.4% in surface deposits (4-0 cm) to
a high of 42.2% in sediments at 20-16 cm (Fig. 3).
TOC content in the uppermost 68 cm varied from

20 A /

40

60 4

80 -

a low of 11.8% at 16-12 cm, to a high of 19.1% at
20-16 cm (Fig. 3). TOC represented a fairly con-
stant proportion of OM (44-53%). The TOC/TN
weight ratios in the core remained relatively constant
throughout, generally ranging between 17.1 (8—4 cm)
and 21.1 (56-52 cm; Fig. 3). A peak TOC/TN value
of 25.1, however, was registered at 72—68 cm, and the
lowest value, 13.7, was measured in the topmost sam-
ple (4-0 cm).

The lowest 8'>C values were recorded in the basal
four samples and ranged from -27.18 to -26.61%o
(Fig. 3). Throughout the uppermost 68 cm of the core,
8'3C ranged between a low of -26.36%¢ (68—64 cm)
and a high of -24.44%. (5652 cm). Nitrogen isotope
values ranged from a low of 1.09%0 (48—44 cm) to
a high of 2.50%0 (12-8 cm) between 84 and 8 cm,
but showed slightly higher values in the topmost
two samples, 3.24%0 (8—4 cm) and 4.67%o (4-0 cm;
Fig. 3). Cluster analysis on the lithologic and geo-
chemical variables identified three zones in the core:
zone 1 (84-68 cm), zone 2 (68-16 cm), and zone 3
(160 cm).

Diatoms

Cluster analysis identified four main diatom zones
(Fig. 4). The sample from 84-80 cm had insuffi-
cient diatoms to achieve minimum counts and was
excluded from zonal analysis. Basal samples con-
tained sponge spicules and abundant carbonate.
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Fig. 4 Stratigraphic section of the Cedar Key versus depth (cm) and date (CE) with relative abundances of diatom taxa grouped by

salinity preference and diatoms zones based on CONISS analysis

Several varieties of Paralia sulcata were identified
in the core, including Paralia sulcata var. genuina f.
coronata (Ehrenberg) Grunow (Electronic Supple-
mentary Material [ESM] Fig. S1), Paralia sulcata
var. genuina f. radiata (Grunow) (ESM Fig. S2),
and Paralia sulcata (Ehrenberg) Cleve (ESM Figs.
S3 and 4). Because all three have similar ecologies
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and relative distributions throughout the core, they
were grouped under “Paralia complex”.

Diatom zones
Zone 1 (82-62 cm, pre-1700 to~1720 CE): Frus-

tules of freshwater species in this zone are commonly
fragmented or dissolved, whereas those of marine
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and brackish-marine species are relatively intact.
Iron hydroxides are abundant from 80 to 72 cm, and
sponge spicules are rare throughout the zone. The
zone is dominated by the marine-brackish diatoms
Hyalodiscus scoticus Kutzing (mean=58%; maxi-
mum=62% at 68 cm; ESM Fig. S5) and Nitzschia
granulata Grunow (mean=22%; maximum=29%
at 64 cm; ESM Fig. S6). This zone contains moder-
ate amounts of marine species Diploneis weissflogii
(A.W.FE. Schmidt) (mean=5%; ESM Fig. S7), Paralia
complex (mean=_8%) and marine brackish Pseudo-
podosira echinus (Frenguelli) (mean=5%; ESM Fig.
S8 and S9), which decrease in relative abundance
toward the top of the interval. Benthic freshwater spe-
cies Diploneis calcilacustris Lange-Bertalot and A.
Fuhrmann (ESM Fig. S10) first appears at 80 cm and
thereafter has a mean relative abundance of ~0.63%,
with a maximum at 1.15% at 68 cm. Freshwater Coc-
coneis cascadensis Stancheva (ESM Fig. S11) was
encountered at 76 and 72 cm at abundances near 1%.

Zone 2 (62-34 cm,~1720-1830 CE): Freshwater
taxa at 60 and 36 cm are fragmented, but are relatively
intact from 52 to 40 cm. Marine-brackish species N.
granulata is fragmented in the interval 48—44 cm.
Iron hydroxide abundance is low, while sponge-spic-
ule abundance is moderate. As in Zone 1, this zone
is co-dominated by H. scoticus (mean=46%; maxi-
mum=>55% at 44 cm) and N. granulata (mean=22%;
maximum=33% at 56 cm). Where N. granulata is at
its highest (56 cm), H. scoticus is at its lowest (27%).
Also present are moderate amounts of D. weissflogii
(mean=10%; maximum=19% at 56 cm) and Paralia
complex (mean=17%; maximum=25% at 36 cm).
Diatoms of the Paralia complex have their lowest
relative abundance (14%) at 56 cm, whereas D. weiss-
flogii has its lowest abundance (5%) at 44 cm. This
interval also marks the appearance of the marine ben-
thic species Thalassiosira cedarkeyensis (A.K.S.K.
Prasad) (ESM Fig. S12), but only at 36 cm. There
is an increase in freshwater species compared to the
previous zone, mostly represented by D. calcilacus-
tris and C. cascadensis. Also present in low relative
abundances are P. echinus and the benthic, marine
brackish species Tryblionella hyalina (Amosse)
(ESM Fig. S13).

Zone 3 (34-18 cm, ~ 18301930 CE): The zone has
abundant diatom fragments and moderate amounts of
sponge spicules. At 24 cm, sponge spicules increase
in abundance, and when observed, freshwater species

are intact. Low to moderate iron hydroxides. Mean
relative abundance of marine-brackish H. scoti-
cus falls slightly in this zone (mean=35%; maxi-
mum =48% at 20 cm), whereas that of marine Paralia
complex (mean=36%; maximum=44% at 28 cm)
and D. weissflogii (mean=9.5%; maximum=18% at
24 cm) increases. Nitzschia granulata relative abun-
dance declines somewhat in the zone (mean=15%;)
and remains low throughout. The abundance of fresh-
water species C. cascadensis and C. distinguenda
decrease compared to the previous zone.

Zone 4 (18-2 cm, 1930-2015): This zone contains
abundant diatom fragments, but freshwater species
are intact. Iron hydroxide abundance is low to absent,
while sponge-spicule abundance is moderate. The
zone is dominated by marine-brackish H. scoticus
(mean=50%; maximum=57% at 16 cm), P. echi-
nus, and N. granulata (mean = 14%; maximum=18%
at 4 cm). The marine T. cedarkeyensis reappears and
increases in abundance abruptly at 4 cm. Abundance
of the marine Paralia complex (mean=13%; maxi-
mum=16% at 16 cm) decreases compared to the
previous zone. Abundances of freshwater species C.
cascadensis and C. distinguenda increase towards the
top of the zone, whereas D. calcilacustris decreases.
The fresh- to brackish-water diatom Cosmioneis bra-
siliana (Cleve) appears at 4 cm (ESM Fig. S14).

Discussion
Sediment accumulation

The shift from carbonate-rich sediments to more
organic-rich deposits above the base of our Cedar
Key core was concordant with previous sediment
stratigraphic descriptions from the area and sug-
gested we had captured the entire record of sediment
accumulation since the Late Holocene transgression.
The 2'°Pb chronology for the core indicates a rela-
tively constant linear sedimentation rate,~2.1 mm
a~!, from the beginning of the twentieth century until
the date of core collection in 2015 (Fig. 2). The inte-
grated, unsupported >!°Pb at the site (15.2 dpm cm™2)
translates to a fallout rate of 0.47 dpm cm™ a~!, only
slightly less than the mean value of 0.56 dpm cm™
a~! recorded for 10 cores taken in Florida’s inland
Blue Cypress Marsh (Brenner et al. 2001). The inte-
grated excess 2!°Pb value in the saltmarsh is about
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half what is typically reported for cores from Florida
lakes, but measures derived from lake-sediment pro-
files are probably consistently biased toward high
values, in that such cores are often deliberately col-
lected from areas of preferential accumulation (i.e.,
high sedimentation rate), to achieve high temporal
sampling resolution. Such areas likely receive resus-
pended and redeposited sediment that carries with it
adsorbed, unsupported 2'°Pb.

The very low '*’Cs “peak” (0.6 dpm g~') in the
8—4 cm interval occurs in sediments that were depos-
ited between~1975 and 1995, according the 210py,
dating model. If the “peak” indeed marks the time
of maximum atomic bomb fallout (1963), we would
have expected it to appear in underlying sediments
(12-8 cm), deposited from~1955 to 1975. There
are several reasons why we cannot rely on the '¥’Cs
“peak” to support our '°Pb chronology: (1) '¥’Cs is
notoriously poor as a chronological marker in Flor-
ida sediments, which lack 2:1-lattice clays and thus
do not bind the radionuclide effectively (Brenner
et al. 2001); (2) trace amounts of '*’Cs were meas-
ured at depths well below where it should be found
(24-16 cm, pre-1940), suggesting that it is mobile in
the saline sediment porewaters, and (3) *’Cs is prob-
ably subject to uptake and recycling by plants in the
marsh, leading to a disparity between the time of
original '*’Cs deposition and the age of sediments in
which it is found. Drexler et al. (2018) found evidence
of in situ migration of '¥’Cs in several cores from
wetland environments in North America. The authors
suggested that '*’Cs migration in the sediment, along
with radionuclide decay and input of '*’Cs in surface
waters, compromises the reliability of '3’Cs dating in
some regions, especially in areas that received low
deposition of bomb *’Cs. We considered radiocar-
bon dating the Cedar Key deposits, but several factors
dictated against the approach: (1) the marine reservoir
effect, (2) high carbonate content in older deposits,
and (3) the existence of radiocarbon ‘“plateaus” dur-
ing the purported time frame of sediment accumula-
tion. Whereas we cannot use alternative radionuclides
to confirm our 2!°Pb chronology, the total integrated
unsupported 2'°Pb value and >'°Pb activity-sediment-
depth relations are consistent with what has been
measured in other Florida wetlands.

The mean linear sediment-accumulation rate for
the last century (~2.1 mm a”!) is at the low end of
the~2.1-2.4 mm a~! range for sea-level rise around
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Florida obtained from tide-gauge data (Mitchum et al.
2017). This suggests that salt-marsh accretion near
Cedar Key is just keeping up with, or slightly lagging
behind, the most recent rate of sea-level rise. Smoak
et al. (2013) studied two cores from mangrove for-
ests of Everglades National Park, Florida, and found
overall rates of accretion of 2.5 and 3.6 mm a~', with
storm deposits contributing to even higher values (5.9
and 6.5 mm a_l), all in excess of the rate of sea-level
rise measured at Key West. It is not surprising that
different wetland environments along Florida’s coast
are experiencing different fates in the face of ongo-
ing sea-level rise. Furthermore, changes in wind and
current patterns can alter sea level on short time-
scales, from years to decades (Mitchum et al. 2017).
In addition, numerous factors can affect local sed-
iment-accretion rates, including, among others: 1)
local vegetation type, 2) alluvial transport of material
from upland to coastal environments, 3) translocation
of marine sediments to the nearshore environment,
4) land surface and subaqueous topography, 5) mag-
nitude and frequency of storm events, and 6) human
activities in coastal zones, e.g., land clearance, con-
struction, surface and groundwater withdrawals (Mor-
ris et al. 2002; Kirwan et al. 2010). This makes it hard
to generalize results from one region to another.

Vegetation changes

Lithologic analysis shows that 68 cm of organic-rich
deposits (~29-42% OM) accumulated atop a carbon-
ate-rich basal layer (~50-83% CaCO;) at the core
site over the last three centuries (Fig. 3). The TOC/
TN ratios of the OM, mostly values in the high teens
and low 20s, indicate either a mixture of algal and
terrestrial sources, or more likely, a predominantly
non-woody macrophyte source (Meyers and Terranes
2001). Kemp et al. (2010) reported similar TOC/TN
values in marsh-surface sediments in North Carolina,
where Juncus roemerianus and Spartina alterniflora
dominate high marsh and low marsh, respectively.
The low TOC/TN value (13.7) in the topmost sam-
ple from the Cedar Key core may indicate relatively
greater contribution of undegraded algal remains.
Relatively low 8'C values throughout the core
indicate a dominant C3 plant source to OM in the
sediment. This suggests that the rush, Juncus roemer-
ianus, has probably grown at the site continuously for
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the last three centuries, never having been replaced
by C4 cordgrass, Spartina alterniflora, which today
grows nearby. The rather consistent 8'°N values
throughout the core also argue for an unchanging
plant community, and the high values near the surface
probably reflect a relative lack of diagenesis, and per-
haps a larger contribution to the sediment OM from
algae.

Diatom-based paleoenvironmental and
sea-level-change inferences

Period 1, pre-1700 to~ 1720 CE (82-62 cm)

During this period, a supratidal environment with
frequent desiccation prevailed. This is inferred from
a diatom assemblage dominated by the marine-brack-
ish and benthic H. scoticus (epiphytic), N. granulata
(epipelic) and P. echinus, which suggest a low-energy,
periodically desiccated environment with macro-
phytes (Vos and Wolf 1993; Fig. 5). Also, the mix-
ture of ecological groups with different life forms
(Fig. 4), presence of the tychoplanktonic P. sulcata,
and the moderate to high presence of iron hydrox-
ides (Fig. 5), suggest very shallow pond conditions,
with frequent desiccation in the supratidal environ-
ment (Vos and Wolf 1993). Pseudopodosira echinus
prefers stagnant and eutrophic waters and tolerates a
wide range of salinity (optimum 20 psu; Bergamino
et al. 2018). It has been used as a reliable indicator of
sea-level change, being more abundant during trans-
gressive events (Tanimura and Sato 1997; Garcia-
Rodriguez and Witkowski 2003). The near absence of
diatoms between 84 and 80 cm, with presence of only
a few well silicified diatoms in carbonate-rich sedi-
ment (~50-80% CaCO,), reflects poor frustule pres-
ervation. In laboratory experiments and lake sediment
samples, Hassan et al. (2020) found that high alkalin-
ity and salinity affected diatom preservation, causing
dissolution of poorly silicified taxa.

Period 2, ~1720-1830 CE (68-34 cm)

Marine-brackish epiphytic and epipelic species are
still dominant, as in the previous zone, suggesting
a low-energy, periodically desiccated environment
with macrophytes in the supratidal environment (Vos
and Wolf 1993; Fig. 5). Nevertheless, increases of
well-preserved benthic freshwater D. calcilacustris

and C. cascadensis and the marine species Paralia
complex and D. weissflogii, in addition to increases
in sponge spicules and decreases in iron hydroxides,
suggests less frequent subaerial exposure and more
frequent flooding from both fresh and marine water
(Fig. 5). Wilson et al. (2015) found that groundwa-
ter controls the vegetation zones. Zones dominated
by Juncus were characterized by a regularly inun-
dated marsh during spring tides and exposed dur-
ing periods of sustained upward flow of freshwater
during neap tides. Thus, a change in the hydrologic
pattern and a slightly higher rate of aggradation than
sea-level rise could have favored the establishment of
Juncus roemerianus. On the other hand, we inferred
a decrease in trophic state, expressed as a decrease in
P. echinus and increase in species that prefer meso-
oligotrophic environments (P. sulcata, D. calcilacus-
tris and C. cascadensis). Lower productivity could
be associated with a greater contribution of marine
water. Larger contributions of marine water are sup-
ported by a slight increase in 8'°C values, from val-
ues between -27.20 and -25.41%0 (84—64 cm) to val-
ues from -25.01 to -24.40%o0 (62-40 cm; Fig. 5). This
may reflect a relative increase in the contribution to
OM from Spartina alterniflora (C4) versus Juncus
roemerianus (C3), but might also be a consequence
of a shift to a greater relative contribution of marine
(-23 to -16%o) versus freshwater algae (-30 to -26%o;
Meyers 2001).

Period 3,~1830-1930 CE (Zone 3; 34-18 cm)

A salt marsh environment with brackish water is
inferred from the diatom assemblage. However, brief
periods of higher sea-level occurred, as indicated
by the increase in marine taxa Diploneis weissflogii
and Paralia complex, the appearance of new marine
species, and a moderate amount of sponge spicules
(Fig. 5). Frequency of iron hydroxides is low to mod-
erate, likely from increasingly infrequent subaerial
exposure, resulting from rising sea-level. Sea level
rose from 1850 to 1914 at a rate of~1.1 mm a~!
(Raabe and Stumpf 2016; Fig. 5). Sea-level rise may
also account for the decline in H. scoticus relative
abundance, as it normally grows attached to plants,
and if sea level rises too rapidly, salt-marsh plants
drown or become stressed by frequent salinity shifts.
Tide-gauge records from Cedar Key acquired since
1914 show a mean sea-level increase of~1.8 mm
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Fig. 5 Paleoenvironmental
interpretation of the Cedar
Key record showing strati-
graphic section, salinity
changes inferred from dia-
toms, diatom and geochem-
istry zones based on cluster
analysis, percentage CaCO;
and TOC, §'*C, TOC/TN
ratio, relative preserva-

tion of iron hydroxides

and sponge spicules (bar
width is proportional to the
abundance, whereas dashes
indicate absence or low
abundance), diatom pres-
ervation, mean rate of sea-
level rise (mm a~') at Cedar
Key, based on Raabe and
Stumpf (2016) and identi-
fied periods of salt-marsh
evolution. Fsh: Freshwater
and Mar: Marine

a~! (Raabe and Stumpf 2016; Fig. 5). Salinity condi-
tions during this zone are inferred to reflect a marine-
brackish salt marsh. A larger tidal range may have
been responsible for greater energy of the environ-
ment, supported by an increase in the tychoplanktonic
Paralia complex and diatom fragmentation.
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Period 4, ~1930-2015 CE (Zone 4, 18-2 cm)

Dominance of marine-brackish epiphytic and epipelic
species, mainly H. scoticus, N. granulata and P.
echinus suggests that salt-marsh conditions contin-
ued to prevail. An increase in hurricane influence is
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suggested by the higher proportion of fragmented
individuals (high energy), an increase in species
number and diversity of all the salinity groups, and
a decrease in TOC (Fig. 5). Mixed assemblages,
composed of freshwater, brackish and marine dia-
toms, have been described as a characteristic of tsu-
nami deposits (Dawson et al. 1996; Dawson 2007,
Kokocinski et al. 2009; Wang et al. 2019). The
National Hurricane Center recorded more than 20
hurricanes that crossed the Gulf of Mexico or Florida
coast since 1900 (https://www.nhc.noaa.gov/outre
ach/history/). The 1933 Atlantic hurricane season
was one of the most active on record, with 20 storms
(Klotzbach et al. 2021). Consequent high river dis-
charge may account for the increase in freshwater dia-
toms. Higher precipitation is suggested by an increase
in freshwater diatom species and the first appear-
ance of C. brasiliana. Although mean annual rainfall
did not change significantly from 1941 to 2008, the
Suwannee River discharged large pulses of freshwater
during the spring months and after tropical storms of
late summer and early fall (Seavey et al. 2011). The
appearance of T. cedarkeyensis, which prefers brack-
ish water and high nutrient concentrations, suggests
an increase in trophic state conditions (Castillo 2015).
Higher nutrient concentrations probably also caused
the increase in epiphytic H. scoticus and the relative
increase in algal-derived OM, as indicated by lower
TOC/TN (Fig. 5). Sediment resuspension and mixing
of marine and fresh waters under high-energy condi-
tions are inferred from the increase in benthic P. echi-
nus (Bergamino et al. 2018).

Between 1941 and 2011, the average high
water (MHHW) at Cedar Key increased approxi-
mately 0.2 m with a relative sea-level-rise rate of
2.19+0.18 mm a~! (NOAA 2019). Sea-level has not
increased monotonically on the Florida Gulf Coast.
Rather, periods of rapid rise in sea-level are followed
by periods of stable or even falling sea-level (Raabe
and Stumpf 2016). An increase in storm frequency
during Period 4 may have provided a greater supply of
sediment from the nearshore environment to the salt
marsh, favoring a rate of aggradation that exceeded
the rate of sea-level rise. Several salt marshes with a
limited sediment supply, like those of the Florida Big
Bend region (Coultas and Hsieh 1997), and others in
Connecticut, Virginia, and the Arctic (Tiner 2013)
have benefited from higher episodic deposition dur-
ing periods of greater hurricane activity.

Resilience of Big Bend region to sea-level rise

Our “paleo” data support previous findings that indi-
cate rising sea-levels and changing tidal regimes in
the area. We found that despite rising sea-level, the
salt marsh near Cedar Key has persisted throughout
the last~320 years, likely because aggradation rates
have equaled or exceeded rates of sea-level rise.
Empirical studies and numerical models show that
salt marshes respond to sea-level rise with sediment
accretion that maintains the elevation necessary to
support marsh plants like Spartina, assuming that
other stressors remain minimal (Fagherazzi et al.
2012; Kirwan and Megonigal 2013). Despite the low
sediment supply in the Cedar Key area, it has been
observed that re-suspension of sediments from the
nearshore environment and their deposition onto the
marsh are facilitated by wind, tropical storms, and
high-tide events (Goodbred and Hine 1995; Leonard
et al. 1995). Furthermore, coastal protection measures
and hydrological stability have favored continuous
biotic accommodation and self-regulation processes,
which have enabled the salt marsh to keep pace with
sea-level rise (Raabe and Stumpf 2016). Nevertheless,
sea-level rise has had substantial impacts throughout
the Big Bend region, particularly on adjacent coastal
forests that have been forced to migrate inland as they
have become increasingly exposed to saline water and
the salt-marsh environment extends landward. Raabe
and Stumpf (2016) found that over a 120-year period,
through 1995, the marsh/forest boundary moved
inland, while marsh erosion at the coastal edge has
been modest, resulting in a net increase of 23% in
salt-marsh area. Although this represents a concern-
ing loss of coastal forest habitat, the ability of these
salt-marsh ecosystems to accrete and expand as salt-
water penetrates farther inland is an encouraging indi-
cation of the coastline’s climate resiliency.

Whereas the Big Bend area on Florida’s Gulf
Coast is in some ways highly susceptible to sea-level
rise, it possesses several characteristics that make it
resilient. Because of the low-lying regional topog-
raphy, vertical changes in mean sea-level have the
potential to submerge large areas of salt marsh, as
occurred during the period~1850-1930 CE. Never-
theless, it appears that salt-marsh conditions recov-
ered quickly, as seen in the diatom assemblages
thereafter. Although the Big Bend region receives a
low sediment supply, which has been shown in other
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areas to constrain the ability of salt marsh to accrete
(Kirwan and Megonigal 2013), its sediment input is
not restricted by anthropogenic barriers, which are
present along many other coastlines. The area’s low
development and vast marsh acreage also create a
high degree of contiguity, providing a large seed bank
that facilitates marsh migration.

Should the rate of sea-level rise and other climate-
change impacts continue to increase, however, we
can anticipate transformative changes in salt-marsh
communities. It is expected that as air temperature
increases and freeze frequency decreases, many salt
marshes near Cedar Key will be replaced by man-
grove forest (Cavanaugh et al. 2014; Saintilan et al.
2014; Giri and Long 2016). Establishment of man-
grove forest might increase resilience in the face of
sea-level rise, given that studies in north and south
Florida have shown higher sedimentation rates in
mangrove forests compared to salt marshes (Smoak
et al. 2013; Vaughn et al. 2020). If other anthro-
pogenic stressors are kept to a minimum, and espe-
cially if the transition to mangrove forest occurs as
expected, there is high potential for coastal wetlands
in this area to remain intact.

Conclusions

Approximately 68 cm of relatively organic-rich sedi-
ment accumulated atop carbonate-dominated material
at the Cedar Key core site during the last~320 years.
The top 24 cm were datable by 2!°Pb and showed that
sediment accumulation was relatively constant since
the beginning of the twentieth century, accreting at a
mean rate of 54.7 mg cm 2 a~! (~0.21 cma™!).
Paleoenvironmental inferences suggest a salt-
marsh environment dominated by C3 plants, most
likely Juncus roemerianus, persisted from~ 1700
CE to present. This was indicated by intermediate
TOC/TN ratios in the sediments (high teens-low
20s), along with relatively low 8'°C values. Dia-
toms suggest the salt marsh experienced moder-
ate salinity variations that likely reflect sea-level
changes, but may also have been a consequence of
variations in freshwater delivery. Between~ 1850
and 1930 CE, we observed an increase in salin-
ity (marine incursions), with a probable decline in
plant productivity. Nevertheless, the salt-marsh veg-
etation recovered quickly after 1930 CE, indicating
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that the rate of aggradation and vegetation growth
kept pace with the rate of sea-level rise. The
increase in the rate of vertical accretion and recov-
ery of the vegetation was probably favored by the
increase in storm frequency from 1930 to present,
which may have provided a greater supply of sedi-
ment and nutrients from nearshore and upland sites
to the salt marsh, thereby favoring a rate of aggra-
dation greater than that of sea-level rise. The sedi-
mentation rate measured roughly matches the lower
end of sea-level-rise rates during the same period,
suggesting the marsh elevation has kept pace with
sea-level rise, though just barely. Our data support
the idea that salt marshes are resilient to sea-level
increase, at least under recent past conditions, and
that self-regulating biotic and abiotic processes have
enabled the salt marsh to keep pace with sea-level
rise. This work provides insight into how biotic and
abiotic factors responded to sea-level rise at a single
site on Florida’s Gulf of Mexico coast. The ability
of coastal salt-marsh ecosystems to keep pace with
sea-level rise involves complex interactions among
climate, geomorphology, hydrology, sedimentology
and biology. Additional studies are needed to disen-
tangle those interactions and better understand how
coastal environments will respond to future climate
change and sea-level rise.
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