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A B S T R A C T
To address a paucity of Common Era data in the Gulf of Mexico, we reconstructed ~1.1 m of relative sea-level
(RSL) rise over the past ~2000 years at Little Manatee River (Gulf Coast of Florida, USA). We applied a regionalscale foraminiferal transfer function to fossil assemblages preserved in a core of salt-marsh peat and organic silt
that was dated using radiocarbon and recognition of pollution, 137Cs and pollen chronohorizons. Our proxy
reconstruction was combined with tide-gauge data from four nearby sites spanning 1913–2014 CE. Application
of an Errors-in-Variables Integrated Gaussian Process (EIV-IGP) model to the combined proxy and instrumental
dataset demonstrates that RSL fell from ~ 350 to 100 BCE, before rising continuously to present. This initial RSL
fall was likely the result of local-scale processes (e.g., silting up of a tidal ﬂat or shallow sub-tidal shoal) as saltmarsh development at the site began. Since ~0 CE, we consider the reconstruction to be representative of
regional-scale RSL trends. We removed a linear rate of 0.3 mm/yr from the RSL record using the EIV-IGP model
to estimate climate-driven sea-level trends and to facilitate comparison among sites. This analysis demonstrates
that since ~0 CE sea level did not deviate signiﬁcantly from zero until accelerating continuously from ~1500 CE
to present. Sea level was rising at 1.33 mm/yr in 1900 CE and accelerated until 2014 CE when a rate of
2.02 mm/yr was attained, which is the fastest, century-scale trend in the ~2000-year record. Comparison to
existing reconstructions from the Gulf coast of Louisiana and the Atlantic coast of northern Florida reveal similar
sea-level histories at all three sites. We explored the inﬂuence of compaction and ﬂuvial processes on our reconstruction and concluded that compaction was likely insigniﬁcant. Fluvial processes were also likely insigniﬁcant, but further proxy evidence is needed to fully test this hypothesis. Our results indicate that no signiﬁcant
Common Era sea-level changes took place on the Gulf and southeastern Atlantic U.S. coasts until the onset of
modern sea-level rise in the late 19th century.

1. Introduction
The Atlantic coast of North America has a high density and wide
geographic distribution of Common Era relative sea-level (RSL) reconstructions produced (primarily) from proxies preserved in sequences
of salt-marsh sediment such as foraminifera (e.g., Gehrels et al., 2005;
Kemp et al., 2013). This network of reconstructions demonstrates that
local and regional-scale sea level departed from a linear trend during the
past ~ 2000 years (e.g., Kemp et al., 2015). The magnitude, geographic
pattern and timing of these coastal RSL trends provide unique insight into
the processes that caused RSL to vary on multi-decadal to millennial

⁎

timescales (e.g., Kopp et al., 2016). While Common Era RSL change in the
North Atlantic Ocean is driven principally by glacio-isostatic adjustment
(GIA; e.g., Peltier, 1996), at regional scales it is also sensitive to the
ﬁngerprint of melting of land-based ice in Greenland (e.g., Hay et al.,
2014; Mitrovica et al., 2011) and dynamic trends occurring from the
redistribution of existing ocean mass by persistent shifts in ocean and/or
atmospheric circulation (e.g., Ezer et al., 2013; Levermann et al., 2005;
here termed ocean dynamics). The paleo perspective on these processes
that is aﬀorded by RSL reconstructions helps to constrain physical models
and future predictions on the spatial and temporal timescales that are the
focus of coastal planning (e.g., Nicholls et al., 2014). In contrast, there is
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Our study site in the Little Manatee River estuary (Fig. 1D) was selected because our coring eﬀorts at salt marshes throughout Tampa Bay
and Charlotte Harbor showed that it had a thick and continuous sequence
of high salt-marsh peat that was likely to yield a long and detailed RSL
reconstruction. The site currently supports salt-marsh and mangrove
ecosystems, which is typical of brackish, tidal rivers in the sub-tropical
climate of west-central Florida (U.S. Fish and Wildlife Service, 1999).
Rhizophora mangle (red mangrove) trees line the perimeter of the saltmarsh platform and banks of tidal channels at elevations close to mean
tide level (MTL). The salt-marsh platform supports a near-monospeciﬁc,
peat-forming community of Juncus roemerianus (black needle rush) at
elevations from MTL to mean higher high water (MHHW). Occasional
stands of Acrostichum aureum (golden leather fern) are also present. Due
to encroachment of urban development (e.g., housing) on upland margins, salt marshes are currently restricted to platform-type morphologies
that rarely attain elevations above MHHW in the Little Manatee River
(and similar estuaries discharging into Tampa Bay). Recent (and ongoing)
northward migration of mangrove forests into areas previously occupied
solely by salt marshes likely occurred in response to a reduced frequency
of freeze days (e.g., Osland et al., 2013; Saintilan et al., 2014). Therefore,
the establishment of mangroves in the Little Manatee River was likely a
recent event (Krauss et al., 2011; Smith et al., 2013) and for most of the
Common Era the site was a salt marsh. Our stratigraphic investigations
conﬁrmed this assumption since no mangrove peat was found in any of
the exploratory cores that we described. Quasi-monthly surface-water
testing since 1974 CE shows that close to the coring site, the Little
Manatee River has an average salinity of ~ 13‰ (Tampa Bay Water Atlas
sampling station 112). At the nearby Little Manatee River tide gauge
(NOAA station 8726436; Fig. 1D), the reported mixed, semi-diurnal tidal
regime has a great diurnal tidal range (deﬁned by NOAA as mean lower
low water, MLLW, to MHHW) of 0.60 m (Table 1). This tide gauge was
operational only from December 1978 to March 1979 because its purpose
was to calculate tidal datums rather than to measure long-term RSL
trends (the water-level measurements are not available from NOAA).
We collected surface sediment samples at the Little Manatee River site
and at four sites in Charlotte Harbor (~90 km south of Tampa Bay;
Fig. 1C) to characterize the modern, observable relationship between
assemblages of foraminifera and tidal elevation (Table 2). The morphology of the Charlotte Harbor sites and their zonation of plants was the
same as at Little Manatee River, which is characteristic of the wider study
region. The great diurnal tide range at each site within Charlotte Harbor
was 0.61 m, as reported for the Harbour Heights tide gauge (NOAA station number 8725791; Fig. 1E; Table 1). This tide gauge operated from
December 1977 to March 1978 in order to measure tidal datums rather
than RSL trends (the water-level measurements are not available from
NOAA).
Long-term tide-gauge measurements from Key West (since 1913 CE;
NOAA station number 8724580), St. Petersburg (since 1947 CE; NOAA
station number 8726520), Fort Myers (since 1965 CE; NOAA station
number 8725520) and Naples (since 1965 CE; NOAA station number
8725110) provide observations of historic RSL change along the Gulf
coast of Florida (Fig. 2). We downloaded annual-average data (up to and
including 2014 CE) for these four stations from the Permanent Service for
Mean Sea Level (http://www.psmsl.org; Holgate et al., 2013).

a scarcity of detailed RSL reconstructions from the Gulf of Mexico (e.g.,
González and Törnqvist, 2009). The Gulf of Mexico is insensitive to ocean
dynamic trends caused by forcings that likely characterized the Common
Era (Yin, 2012). In addition, the Gulf of Mexico experiences a sea-level
trend closer to the global mean than sites in (for example) New England
or the U.S. mid-Atlantic because of the spatial ﬁngerprint (e.g., Clark and
Lingle, 1977) of Greenland ice sheet melt (e.g., Kopp et al., 2010).
Therefore, the (dis)similarity between Common Era RSL trends along the
Gulf of Mexico and Atlantic Ocean coasts can oﬀer valuable insight into
the causes of regional-scale sea-level change. Our goal is to address the
current imbalance in the distribution of Common Era RSL reconstructions
and to provide insight into the driving mechanisms of RSL change by
producing a new record from salt-marsh sediment in the Gulf of Mexico.
High salt-marsh environments accumulate peat to maintain their
elevation in the tidal frame (e.g., Bloom, 1964; Morris et al., 2002).
Through this response, the accommodation space created by RSL rise is
ﬁlled with in-situ peat, which is a valuable sedimentary archive of
Common Era RSL change (e.g., Gehrels et al., 2002; Törnqvist et al.,
2004; Varekamp et al., 1992). Using foraminifera preserved in the buried
salt-marsh peat and a transfer function approach, RSL can be reconstructed with a precision (typically ± 10–15% of tidal range) that
enables the identiﬁcation of small-scale (order of 10s of centimeters and
decades) variability in RSL (e.g., Barlow et al., 2013; Gehrels et al.,
2012), which is the expected magnitude of changes caused, for example,
by ocean dynamics (Yin, 2012). Proxy-based reconstructions can be
combined with tide-gauge measurements to create a composite RSL history and further reduce uncertainty (e.g., Donnelly et al., 2004; see discussion in Kemp et al., in press).
We reconstructed ~ 2000 years of regional-scale RSL change on the
Gulf Coast of Florida using foraminifera preserved in a dated core of saltmarsh peat from Little Manatee River (eastern Tampa Bay; Fig. 1). This
proxy reconstruction was merged with regional tide-gauge measurements, covering the period 1913–2014 CE, to create a combined proxyinstrumental RSL record. After correction for GIA, we compare our
ﬁndings to existing Common Era sea-level reconstructions on the Gulf of
Mexico coast in Louisiana (González and Törnqvist, 2009) and on the
Atlantic Ocean coast of northern Florida (Kemp et al., 2014). This analysis enables us to answer two research questions: (1) did RSL depart from
a stable mean prior to ~ 1850 CE in the Gulf of Mexico? And (2) can
inferences be drawn about the processes driving regional RSL trends on
multi-decadal to millennial timescales through comparison of RSL trends
in the Gulf of Mexico and along the U.S. southeastern Atlantic coast?

2. Study area
We selected the west coast of Florida as our study area within the Gulf
of Mexico (Fig. 1A) for two reasons. Firstly, this region includes expansive
salt marshes in contrast to more arid coastlines elsewhere in the Gulf of
Mexico (e.g. Texas) where these environments are rare and RSL reconstructions need to be derived from alternative proxies such as microbial mats (e.g., Livsey and Simms, 2013) that have relatively large
vertical uncertainties. Secondly, this region is suﬃciently distant from the
Mississippi Delta to minimize the contribution to RSL change from ongoing subsidence of the delta (e.g., Wolstencroft et al., 2014; Yu et al.,
2012) and reshaping of the geoid by the time-evolving conﬁguration and
mass of the delta (e.g., Dalca et al., 2013).
Tampa Bay is a shallow (mean depth < 4 m), siliciclastic-dominated
embayment (Fig. 1B) that experiences a humid, sub-tropical climate with
an average annual air temperature of ~ 23 °C and average precipitation of
~ 1250 mm/yr. The estuary lies near the center of the Jurassic-aged
Florida Platform (Hine et al., 2003) overlying an Oligocene-aged karstic
sub-basin that collapsed in the mid-Miocene due to deep-dissolution
(Brooks and Doyle, 1998; Hine et al., 2009; Morrison and Yates, 2011).
Anthropogenic alteration including dredge and ﬁll, removal of wetlands
and groundwater withdrawal associated with the urbanization of the
communities surrounding Tampa Bay has caused degradation of hydrological and ecological systems within the estuary (Morrison and Yates,
2011). Therefore, we carefully chose sites to minimize these impacts.

3. Methods
3.1. Modern training set of salt-marsh foraminifera
Foraminifera are sea-level indicators because their distribution in salt
marshes and mangroves is controlled principally by the frequency and
duration of tidal inundation, which is a function of elevation (e.g., Horton
and Edwards, 2006; Scott and Medioli, 1978). The relationship of foraminifera to elevation is established empirically from a modern training
set of surface sediment samples. This observable, modern relationship is
assumed to be applicable to analogous assemblages of foraminifera preserved in buried sediment. Consequently, the tidal elevation at which a
fossil sediment sample originally accumulated (termed Paleomarsh
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Fig. 1. Location of study sites on the Gulf of Mexico coast of Florida. (A) The tide gauges located at Key West, Naples, Fort Meyers and St. Petersburg provide an instrumental record of
relative sea-level change. Existing, high-resolution reconstructions of Common Era relative sea-level change are available from Louisiana (González and Törnqvist, 2009; Törnqvist et al.,
2006) and northeastern Florida (Nassau Landing; Kemp et al., 2014). Scholl and Stuiver (1967) produced a Holocene relative sea-level reconstruction using mangrove peats in southwestern Florida. (B, D) We reconstructed relative sea level using a core (LMR-9) of salt-marsh sediment collected at the Little Manatee River (LMR) study site. The distribution of modern
foraminifera was described from surface sediment samples collected at ﬁve sites, including four in the Charlotte Harbor estuary (C, E). HH = Harbor Heights; DI = Drift Island;
SP = Sand Point; LI = Long Island.

Elevation; PME) is estimated from the foraminifera preserved in it. In the
absence of an existing modern training set for our study area, we developed a regional-scale training set of modern foraminifera from ﬁve salt
marshes in the Tampa Bay (at our core site in Little Manatee River) and
Charlotte Harbor estuaries (Fig. 1D and E). This sampling regime captured the ecological and geomorphological spectrum of salt marshes on
the central Gulf Coast of Florida to ensure that the modern dataset included natural variability in foraminiferal populations.
At each of the ﬁve modern salt marshes, we collected undisturbed,
surface (0–1 cm) sediment samples at regular elevation changes along
transects across the prevailing elevational and environmental gradient.
This sampling regime inherently assumes that there is no signiﬁcant infaunal population of foraminifera. In the southeastern United States,
several studies from Juncus roemerianus-dominated salt marshes identiﬁed live foraminifera at depths of tens of centimeters below the surface
(e.g., Goldstein and Harben, 1993; Goldstein and Watkins, 1998, 1999).
However, Culver and Horton (2005) demonstrated that the majority of
foraminifera live in the 0–1 cm interval and that infaunal assemblages are
unlikely to distort RSL reconstructions developed using training sets
composed of surface sediment samples. Each sample was placed in a vial
with rose Bengal and buﬀered ethanol to allow diﬀerentiation of live and
dead specimens (Walton, 1952). Samples were processed by washing
them over 500 μm and 63 μm sieves under running water to isolate and
retain the foraminifera-bearing fraction of the sediment. This well-mixed
sediment was suspended in water from which at least 100, randomlyselected, dead individuals were enumerated to ensure a statisticallysound representation of the assemblage (Fatela and Taborda, 2002). We
combined all Ammobaculites species into one group due to the diﬃculty of
species-level identiﬁcation for individuals that are frequently broken.
We measured sample altitude (relative to the North American Vertical
Datum of 1988; NAVD88) and the geographic location of each sample
using a Leica GS15 global navigation satellite system. We tied the elevation of each sample to local tidal datums by including a tidal benchmark (872 6436 A 1977; Fig. 1) in our survey. This benchmark is a part of
the network of elevation controls established for the Little Manatee River
tide gauge. Its elevation with respect to local tidal datums is provided by
NOAA and we used this information to convert from NAVD88 to tidal
datums. This approach was repeated at the four sites in Charlotte Harbor
where modern samples were collected through a survey that included
NOAA Harbour Heights tide gauge and tidal benchmark 5791D 2008
(Fig. 1). Since each of the ﬁve salt marshes from which we collected
modern samples have similar great diurnal tidal ranges (0.60 m at Little
Manatee River and 0.61 m in Charlotte Harbor), we combined all of the
surface distributions into a single, regional-scale dataset, where species
abundances were expressed as percentages. To objectively deﬁne the
number and composition of foraminiferal assemblages in this modern
training set we used Partitioning Around Medoids (PAM; Kaufman and
Rousseeuw, 1990; Rousseeuw, 1987). This clustering technique seeks to
minimize within group variance, while maximizing the dissimilarity
among groups. Analysis was completed in the ‘cluster’ package for R
(Maechler et al., 2005). The total number of assemblages present was

chosen by calculating the average silhouette width measured by PAM for
2–20 groups. The number of assemblages was chosen based on the group
with the maximum, average silhouette width. Silhouette widths are values between − 1 (poor ﬁt) and + 1 (good ﬁt) that measure how well a
sample was clustered.
We determined the length of the modern training set's environmental
gradient using detrended correspondence analysis (DCA), executed in the
‘Vegan’ package for R (Oksanen et al., 2012). The purpose of this analysis
was to decide whether linear or unimodal approaches were more appropriate for developing a transfer function to quantify the relationship
between assemblages of foraminifera and tidal elevation from the modern
training set (Birks, 1995; Juggins and Birks, 2012; Kemp and Telford,
2015). Based on our gradient length exceeding two standard deviations
(2.69 standard deviations), we developed a transfer function using a
unimodal method (weighted averaging partial least squares; WA-PLS) in
the software package C2 (Juggins, 2011). WA-PLS was chosen from
several possible unimodal methods because it is ecologically plausible
and has a demonstrated history of generating reliable paleoenvironmental reconstructions from biological assemblages (e.g., Juggins and
Birks, 2012), including PME reconstructions from salt-marsh microfossils
(for a review see Barlow et al., 2013). No samples were screened from the
dataset and we used the dead foraminiferal assemblage expressed as
percentages. Transfer function performance was assessed using crossvalidation (10,000 bootstrapping cycles) and quantiﬁed through root
mean squared error of prediction (RMSEP; expressed in meters) and the
correlation between observed and predicted values (r2boot). In choosing
which component (1–5) of the WA-PLS model to use, we followed the
guidelines presented by Barlow et al. (2013) that seek to balance model
performance against the possibility of overﬁtting the data.

3.2. Sediment coring
We determined the stratigraphy beneath the Little Manatee River site
by describing hand-driven cores along three transects (Fig. 3). We chose
core LMR-9 for analysis because it included the thickest (1.04 m), continuous accumulation of salt-marsh peat with abundant and in situ Juncus
roemerianus macrofossils. We collected LMR-9 using a hand-operated
“Russian” half-barrel coring device to prevent compaction and/or contamination during extrusion. The recovered sediment was secured in rigid
pipe sections with plastic wrap and refrigerated until laboratory analysis
to minimize drying and/or oxidation. The orthometric and tidal elevation
of each core top was established using the same instruments and methods
as employed for surface sediment samples (Section 3.1).

3.3. Developing a chronology for LMR-9
The accumulation history of LMR-9 was constrained by radiocarbon
dating and recognition of pollution, 137Cs and historic pollen markers of
known age. In-situ Juncus roemerianus macrofossils (stems and rhizomes)
and small pieces of wood were separated from the sediment matrix
throughout the entirety of LMR-9 by careful disarticulation of sediment

Table 1
Tidal datums.
Site

NOAA ID

MHHW (m)

MHW (m)

MTL (m)

MSL (m)

MLW (m)

MLLW (m)

Little Manatee River
Harbour Heights

8725791
8726436

1.52
1.36

1.44
1.31

1.24
1.07

1.24
1.07

1.04
0.84

0.91
0.76

Tidal datums reported by NOAA for temporary tide gauges installed at Little Manatee River and Harbour Heights. Elevations are reported relative to station datum and to two decimal
places.
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Table 2
Radiocarbon data for core LMR-9.
Depth (cm)

NOSAMS ID

Material

14

32
42.5
45.5
53
55
59
65
74
80
87
95
100
106.5
110
120
120

OS-124600
OS-117078
OS-120430
OS-122169
OS-122170
OS-124620
OS-122171
OS-122172
OS-122173
OS-124621
OS-124601
OS-117075
OS-120368
OS-122175
OS-116955
OS-120322

Wood
Juncus
Juncus
Wood
Wood
Wood
Wood
Wood
Wood
Wood
Wood
Juncus
Juncus
Wood
Juncus
Juncus

155
315
350
500
320
525
630
1140
1240
1810
1940
2150
2140
2120
2100
2180

roemerianus rhizome and stem
roemerianus rhizome and stem

roemerianus rhizome and stem
roemerianus rhizome and stem
roemerianus rhizome and stem
roemerianus rhizome and stem

C age

14

C error

15
15
15
15
15
15
20
15
20
15
20
20
15
20
20
15

Calibrated age (cal yrs. BP; 2σ range)

δ13C (‰, VPDB)

4–281
307–451
318–480
512–538
308–454
518–547
556–660
978–1170
1082–1263
1707–1814
1826–1932
2060–2300
2061–2294
2007–2150
2001–2129
2126–2305

− 26.52
− 26.87
− 27.25
− 26.54
− 25.92
− 26.56
− 25.92
− 26.24
− 24.53
− 26.54
− 28.69
− 27.91
− 28.02
− 27.54
− 28.41
− 27.46

Original radiocarbon ages reported for samples in core LMR-9 by the National Ocean Sciences Mass Spectrometry (NOSAMS) facility. δ13C was measured at NOSAMS on an aliquot of
combusted samples and is reported with respect to the Vienna Pee Dee Belemnite (VPDB) standard.

RSL (m, 2000-2009)

0.10

core changes in pollutant concentrations (arsenic and lead), the measured
activity of 137Cs, and pollen (introduction of the non-native species
Casuarina equisetifolia as an ornamental tree). Prior to elemental analysis
by mass spectrometry, the upper 35 cm of LMR-9 was cut into contiguous,
1-cm thick sections, ground to a ﬁne, homogenized powder and sent to
SGS Mineral Services Canada laboratory for commercial analysis. 137Cs
activities were determined from the 661.7 KeV gamma peak following the
counting protocols described in Smoak et al. (2013) and Breithaupt et al.
(2014). Pollen was isolated from 1-cm thick core samples using standard
palynological preparation techniques (Traverse, 2007) and at least 300
pollen grains and spores were counted from each sample to determine
relative abundance.
Interpreting downcore pollution proﬁles in western Florida did not
utilize national production and consumption records because prevailing
winds do not deliver emissions from the primary industrial centers located in the midwest, northeast and mid-Atlantic regions of the United
States. The Florida peninsula experiences a prevailing trade wind regime
that brings air onshore from the Atlantic Ocean, compared to much of the
continental U.S., where westerlies are the prevailing wind pattern.
Therefore, the trends and timings of pollution used elsewhere on the U.S.
Atlantic coast to assign ages to salt-marsh sediment (e.g., Kemp et al.,
2012) are not applicable to our study site. Our interpretation utilizes
local- to regional-scale records of leaded gasoline consumption (onset in
1930 CE ± 5 years; peak in 1974 CE ± 5 years; e.g., Nriagu, 1990) and
the use of arsenic-bearing herbicides that were widely sprayed on citrus
fruit groves on industrial scales and more locally on lawns and golf
courses (onset of 1955 CE ± 5 years; Wojeck et al., 1982; Whitmore
et al., 2008). From downcore pollen counts, we identiﬁed the known
arrival (1905 CE ± 10 years) of the non-native tree Casuarina equisetifolia (Alexander and Crook, 1974) that was brought to Florida as an ornamental. Each age marker was assigned an age and a depth uncertainty.
The age uncertainty accounted for both identifying a speciﬁc date in
historical records and the lag (where necessary) between emission and
deposition. The depth uncertainty recognizes that horizons could be associated with multiple, adjacent depths in the core. We assumed that
pollutants were deposited primarily from the atmosphere on to the saltmarsh surface within a few years of emission (e.g., Graney et al., 1995;
Lima et al., 2005).
All discrete age-depth estimates from radiocarbon dating and marker
horizons were compiled in Bchron (Haslett and Parnell, 2008; Parnell
et al., 2011; Parnell and Gehrels, 2015) to produce an age-depth model
that describes the accumulation history of LMR-9. An advantage of this
approach is that Bchron (and similar age-depth models) are able to accommodate discrete age estimates from diﬀerent methods and the unusual probability distributions that arise from calibration of radiocarbon
ages (see for example Wright et al., 2017). Chronohorizons established

Key West
St. Petersburg
Fort Myers
Naples

0.05
0.00
-0.05
-0.10
-0.15
-0.20
1920

1940

1960

1980

2000

2020

Year CE
Fig. 2. Annual-average relative sea level measured by four long-running tide gauges on
the Gulf of Mexico coast of Florida. Data were downloaded from the Permanent Service
for Mean Sea Level and each series is expressed relative to the 2000–2009 CE average.
The high degree of coherence among the records indicates that they individually and
collectively represent regional-scale trends.

under light microscopy. Juncus roemerianus macrofossils are accurate
indicators of paleo-marsh surfaces because of their close proximity
(within a few cm) to the surface and their short lifespan (approximately
3 years for rhizomes; Eleuterius, 1975, 1976; which are the preferred
macrofossil for dating paleo marsh surfaces). In addition, we isolated
small pieces of wood that we assumed were deposited on a paleomarsh
surface. We purposefully chose small pieces of wood found in horizontal
orientation in the core that we consider to be reliable material for accurately dating paleo marsh surfaces. Due to the growth below the surface, a Juncus roemerianus macrofossils and wood pieces found at the
same depth may not be dating the same paleomarsh surface. We selected
samples for further preparation by balancing macrofossil quality (preservation state and with a preference for Juncus roemerianus macrofossils
rather than pieces of wood where both types of material were available)
with approximately even spacing down core. At depth intervals where
Juncus roemerianus macrofossils were absent or too badly degraded to
reliably isolate a single sample of adequate quality to date, we relied on
radiocarbon dating wood fragments. The chosen samples were cleaned
under a binocular microscope to remove any younger in-growing rootlets
and older sediment. Samples were sent to the National Ocean Science
Accelerator Mass Spectrometer (NOSAMS) laboratory for dating. Each
sample underwent acid-base-acid pretreatment and conversion to graphite at NOSAMS.
A plateau on the radiocarbon calibration curve hinders eﬀorts to
precisely radiocarbon date (pre-bomb spike) material younger than
~ 300 years. To decipher the recent accumulation history of LMR-9, we
therefore identiﬁed environmental changes of known age using down-
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Fig. 3. Sediment beneath the Little Manatee River salt marsh described in the ﬁeld using hand-driven cores collected along three transects. Core LMR-9 was selected for detailed analysis.

from pollution, 137Cs and pollen markers were treated as having normal
probability distributions, and no weighting was applied to any of the age
estimates. The resulting suite of equi-probable chronologies is summarized by Bchron to estimate sample ages with a 95% credible interval.
Throughout the text, Bchron results are reported as a mean with 95%
credible interval.

PMEi was estimated with uncertainty using the WA-PLS transfer function.
For a modern (surface) sample, the terms Ai and PMEi are equal, thus RSL
is zero. Each 1-cm thick sample in LMR-9 with reconstructed PME was
assigned an age estimate from the age-depth model with an associated
uncertainty (95% credible interval).

3.5. Quantiﬁcation of relative sea-level trends
3.4. Reconstructing relative sea level
Annual tide-gauge measurements from four locations on Florida's Gulf
Coast (Fig. 2) show similar RSL trends and variations, justifying the
creation of a combined instrumental record (with the caveat that Key
West was the only one of these four tide gauges to be in operation for
1913–1947 CE). Decadal averages calculated across the four tide gauges
and expressed relative to 2013 CE (year of core collection) provide a
regional-scale, instrumental record of RSL change. Vertical uncertainty
was estimated by calculating the standard deviation across the tide
gauges and averaging them by decade for 1913–2014 CE. A vertical uncertainty (1σ) of ± 0.022 m was applied to each decadally-averaged data
point along with an age uncertainty of ± 5 years (1913–1919 CE was
given an age uncertainty of ± 4 years and 2010–2014 CE was assigned an
age uncertainty of ± 2 years) that we conservatively treated as a 2σ
range. The regional tide-gauge record was combined with the RSL reconstruction to produce a single RSL dataset for the Gulf Coast of Florida.
A study by Kemp et al. (in press) compared a proxy-only reconstruction to
a combined proxy/tide-gauge reconstruction and demonstrated that the
two approaches yielded (within uncertainty) the same RSL history.
However, they noted that inclusion of the tide-gauge data had the advantage of reducing uncertainty. Some earlier studies generated composite RSL records by merging tide-gauge data with pre-20th century proxy
reconstructions from salt marshes (e.g., Donnelly et al., 2004; Gehrels
et al., 2002), while others validated proxy reconstructions through

We initially counted foraminifera preserved in 1-cm thick slices of
LMR-9 at 3-cm resolution. Additional samples were counted from stratigraphic contacts, where assemblages changed and at dated depths.
Sample preparation and counting followed the approach used for surface
samples (except for staining with rose Bengal). The WA-PLS transfer
function was applied to assemblages of foraminifera within LMR-9 to
estimate PME with a sample-speciﬁc, ~ 1σ uncertainty (e.g., Juggins and
Birks, 2012; Kemp and Telford, 2015). To assess the ecological plausibility of the PME estimations, we measured the dissimilarity between
foraminiferal assemblages in core material and their closest modern
analogue using the Bray-Curtis distance metric (Jackson and Williams,
2004). If the minimum dissimilarity exceeded the 20th percentile of
dissimilarity measured among all possible pairings of samples in the
modern trainings set, then we excluded the core sample from the resulting RSL reconstruction (e.g., Simpson, 2012).
Relative sea level was reconstructed using the equation:
RSLi = Ai − PMEi

(1)

where Ai and PMEi are the altitude and PME of sample i respectively and
both quantities are expressed relative to mean high water (MHW). Ai was
established by subtracting the depth of each sample in the core from the
measured core-top altitude and is therefore a ﬁxed and known value.
259

Marine Geology 390 (2017) 254–269

M.J. Gerlach et al.

comparison with nearby tide-gauge measurements, but chose not to
combine the two, independent data sources (e.g., Kemp et al., 2009a).
Quantitative RSL trends with uncertainties were estimated by applying the Error-In-Variables Integrated Gaussian Process (EIV-GP) model
of Cahill et al. (2015) to the combined RSL dataset. This method captures
the continuous and dynamic evolution of RSL change with full consideration of sample-speciﬁc vertical and temporal uncertainty and the
uneven distribution of data points through time. This model also accommodates removal of linear trends (e.g. from GIA) by accounting for
the co-variance in uncertainties that is introduced as a result of this detrending step. The linear trend is speciﬁed by the user and treated by the
model as a ﬁxed and known value without uncertainty. Uncertainties
reported in the text from the EIV-IGP model are a mean with 95%
credible interval. We also used errors-in-variables change-point analysis
to estimate when (with uncertainty) modern rates of sea-level rise began
following the approach described in Kemp et al. (2013).

roemerianus macrofossils. At the base of recovery was a sand unit that we
assume to be an incompressible substrate. Foraminifera were present in
LMR-9 at all sampled depths in the organic silt and peat units (Fig. 5;
Supplementary data 1). Fifteen samples yielded 50–99 foraminifera and
59 samples provided counts ≥100 individuals. From 124 cm to 108 cm,
foraminiferal assemblages were dominated by Ammobaculites spp. and M.
fusca (average 67% of individuals when combined). A transition to an
assemblage composed primarily of A. inepta and A. mexicana occurred at
108 cm to 100 cm. This change occurs in samples that mark the stratigraphic switch from organic silt to salt-marsh peat with more abundant J.
roemerianus macrofossils. A. inepta and A. mexicana remain abundant to
85 cm (average 68% when combined), above which H. wilberti is also
present to form an assemblage in which these three species constitute an
average of 89% of individuals when combined. Within this zone the interval at 59–48 cm had increased abundances of Ammobaculites spp. and
M. fusca (average 20% of individuals when combined).

4. Results

4.4. Chronology for LMR-9

4.1. Modern distribution of salt-marsh foraminifera

Sixteen radiocarbon dates (Table 2) demonstrate that LMR-9 spans
the period since ~ 300 BCE. The initial increase of lead concentrations
above backgrounds levels (< 5 mg/kg) at 11–16 cm in LMR-9 was interpreted to be the result of the introduction of leaded gasoline and increased private ownership of motor vehicles in western Florida during the
1930s (e.g., Escobar et al., 2013; Facchetti, 1989). We therefore assigned
this feature an age of 1930 CE ± 5 years (Fig. 6A). Peak lead emissions
were curtailed by the Clean Air Act, which saw leaded gasoline consumption decline sharply. For example, in 1993 CE lead emissions from
gasoline use in the U.S. fell to 1% of those in 1970 CE (Bollhöfer and
Rosman, 2001). Since gasoline was the major source of lead pollution in
our study area in the absence of heavy industry and prevailing winds that
delivered pollutants from other regions, we assigned the peak concentration of lead at ~ 6 cm an age of 1974 CE ± 5 years (Fig. 6A). The
onset of increased arsenic concentration above background levels of <
10 mg/kg occurred at 7–11 cm in the core (Fig. 6A). We interpret this
trend to reﬂect use of arsenic-bearing compounds as herbicides for citrus
fruit groves, lawns and golf courses that began in Florida during the
1950s (Wojeck et al., 1982; Whitmore et al., 2008) and consequently
assigned it an age of 1955 CE ± 5 years. Maximum downcore 137Cs activity in LMR-9 occurred at ~ 8 cm and was assigned an age of
1963 CE ± 1 year because it was produced by peak above-ground
testing of nuclear weapons. The ﬁrst reliable occurrence of Casuarina
pollen in LMR-9 was at 19–25 cm and corresponds to the introduction of
Casuarina equisetifolia as an ornamental species at the turn of the 20th
century (Alexander and Crook, 1974; Morton, 1980; Fig. 6A). A sample
analyzed at 26 cm yielded a single grain of Casuarina pollen that we did
not treat as the ﬁrst occurrence because Casuarina pollen is diﬃcult to
distinguish from Myrica and multiple counts are required to be conﬁdent
in the interpretation. All radiocarbon dates and marker horizons were
used to develop an age-depth model (Fig. 6B) for LMR-9 using Bchron
(Haslett and Parnell, 2008). The model generated an age-estimate (with
95% credible interval) for each 1-cm thick interval throughout the core
with an average uncertainty of ± 68 years. The age-depth model produced by Bchron demonstrates that the organic sand and silt unit at the
base of the core was deposited rapidly from 350 BCE to 100 BCE
(Fig. 6C). This section of the core is characterized by high relative
abundances of Ammobaculites spp. At ~100 BCE, the deposition of saltmarsh peat was initiated, which corresponds to a decreased rate of sediment accumulation and a foraminiferal assemblage composed of A.
mexicana, A. inepta, and H. wilberti. The sedimentation rate increased
again at ~ 1500 CE, associated with a return to Ammobaculites spp.
comprising up to ~20% of the assemblage, although no change in the
type of sediment deposited is observed. A ﬁnal increase in the rate of
sedimentation occurred at ~ 1900 CE and continues to present.

We identiﬁed 12 taxa of agglutinated foraminifera in the dead assemblage of 66 surface sediment samples collected from ﬁve salt marshes
in the Tampa Bay and Charlotte Harbor estuaries (Fig. 4 and tabulated in
Supplementary data 1). Application of PAM to this dataset identiﬁed four
distinct assemblages of foraminifera based on the highest average silhouette width (0.35) calculated for 2–20 groups. Assemblage one is
composed of two samples from the Sand Point transect in Charlotte
Harbor, which were the lowest sampled elevations (−0.45 m to
− 0.36 m MHW) in our modern dataset. The elevation range of this assemblage does not overlap with any of the other three groups. These
samples were dominated by Ammobaculites spp. (average 88% individuals) and occurred in a tidal-ﬂat environment. Assemblage two included samples from three sites (Drift Island, Long Island and Little
Manatee River) and spanned elevations from −0.25 to 0.06 m MHW,
although 15 of the 21 samples in this group occurred below MHW. These
samples exhibit an approximately equal abundance of Ammobaculites
spp., Miliammina fusca, Arenoparrella mexicana and Ammoastusta inepta.
Assemblage three included samples from all ﬁve sites that were dominated by A. inepta, A. mexicana and Haplophragmoides wilberti (together,
these three species accounted for 74% individuals on average) between
elevations of −0.17 to 0.16 m MHW. Assemblage four was comprised of
16 samples in which A. mexicana was the most commonly identiﬁed
taxon (average 48% of individuals). This cluster encompassed an elevational range of − 0.13 m to 0.13 m MHW and was present at Drift Island,
Long Island and Sand Point in the Peace River estuary of Charlotte
Harbor.

4.2. Stratigraphy at Little Manatee River
We described the stratigraphy beneath the Little Manatee River study
site using 19 cores (0.75–1.25 m long) collected along three transects (AA′, B-B′, and C-C′; Fig. 3). The stratigraphy is consistent among all three
transects and comprised of salt-marsh peat with J. roemerianus macrofossils overlying organic silt (0.05–0.50 m thick) and a basal unit of sand
and silt that we interpret to be an incompressible substrate. The greater
thickness of these units at A-A’ and B-B′ compared to C-C′ likely reﬂects
the initiation of marsh development at the northern portion of the site
with later development in the southern section. These sedimentary successions indicate that salt-marshes initially colonized tidal-ﬂat or shallow
sub-tidal shoal environments (e.g., Redﬁeld, 1965).

4.3. Foraminifera in LMR-9
The core top elevation of LMR-9 was − 0.12 m MHW. LMR-9 was
comprised of 1.04 m of high salt-marsh peat with abundant and in-situ J.
roemerianus macrofossils (Fig. 3), below which was ~ 0.20 m of organic
silt and sand that became less organic with depth and included sparse J.

4.5. Reconstructing paleo marsh elevation
We constructed a WA-PLS transfer function using the entire modern
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Fig. 4. Distribution by elevation of modern foraminifera (seven most common species only) from ﬁve salt marshes in Tampa Bay and Charlotte Harbor, Florida. Tc = Tiphotrocha
comprimata; Ti = Trochammina inﬂata. The lowermost row of panels show the combined dataset from all sites. Dashed, horizontal lines mark the elevation of tidal datums.
MHHW = mean higher high water; MHW = mean high water; MTL = mean tide level; MLW = mean low water.

training set and followed the recommendation of Barlow et al. (2013) by
selecting component two because it improved model performance measured by RMSEP by 4.6% in comparison to component one. The transfer
function had an r2boot of 0.67 and a RMSEP of 0.07 m (Table 3; Fig. 7).
Application of the WA-PLS transfer function to foraminiferal assemblages
in LMR-9 (Fig. 5) provided PME estimates ranging from − 0.34 m to
0.04 m MHW with sample-speciﬁc uncertainties (~ 1σ) of ± 0.06–0.08
m, equivalent to 10–13% of the great diurnal tidal range at Little Manatee
River. Estimates of PME increased from − 0.34 m MHW to − 0.10 m
MHW at a depth of 108 cm. This trend is driven by the decreasing
abundance of Ammobaculites spp. and its replacement by the high saltmarsh species of A. mexicana, A. inepta and H. wilberti. PME values from
this depth to the top of LMR-9 generally remained within ± 0.05 m of
MHW, except for an interval at 58–48 cm, where estimated PME decreased to − 0.10 m MHW in response to increased abundances of M.
fusca and Ammobaculites spp.
To identify samples lacking a modern analogue, dissimilarity between
assemblages of foraminifera preserved in core samples and their modern
counterparts was measured using the Bray-Curtis metric. Five samples (at
19–20 cm; 31–32 cm; 73–74 cm; 76–77 cm; 82–83 cm) had a measured
minimum dissimilarity greater than the 20th percentile of dissimilarity
measured among all pairings of modern samples and were excluded from
further analysis. These core samples included higher abundances of H.
wilberti (> 76%) than any sample in the modern training set, where the
highest recorded abundance of H. wilberti was 52%. The closest modern
analogues for the remaining foraminiferal samples were drawn from all
ﬁve sites within our modern training set, which demonstrates the value of
a regional-scale dataset for interpreting downcore assemblages of saltmarsh foraminifera in southwestern Florida.

4.6. Relative sea-level trends
RSL was reconstructed by subtracting estimated PME from the measured altitude of each sample in LMR-9 (equation 1). The age of each
sample with uncertainty (all uncertainties reported hereafter are the 95%
credible interval) was estimated from the age-depth model (Fig. 6). RSL
at Little Manatee River fell from approximately − 0.86 m at 500 BCE to
− 1.00 m at 350 BCE, after which it rose continuously until present
(Fig. 8B). The regional tide-gauge data lies within the uncertainties of the
proxy-based reconstruction demonstrating that these two data sources
can reasonably be combined to provide a RSL history for our study area.
Application of the EIV-GP model (Fig. 8C) to the combined dataset
shows that RSL fell at a maximum rate of − 0.67 mm/yr. (−1.51 to
0.16 mm/yr) at ~ 350 BCE, before stabilizing at ~ 100 BCE and rising at
~ 0.2 mm/yr (− 0.03 to 0.48 mm/yr) until ~ 1000 CE. RSL continued
rising, but at an increased rate of 0.5 mm/yr (0.27–0.71 mm/yr) to
~ 1600 CE, and then accelerated until a rate of 2.27 mm/yr
(1.73–2.81 mm/yr) was reached in 2014 CE. Change-point analysis performed on the combined proxy and instrumental dataset revealed two
inﬂexion points in RSL change. The ﬁrst change point is associated with a
slight acceleration in RSL rise that occurred at 1000–1430 CE. The second
change point is the onset of modern rates of RSL rise at 1830–1940 CE.

5. Discussion
5.1. Distribution of modern salt-marsh foraminifera
The observed distribution of foraminifera on and around salt marshes
in Tampa Bay and Charlotte Harbor is broadly consistent with modern
distributions reported from salt marshes on the Gulf of Mexico coast in
Texas (Phleger, 1965b), Louisiana (Scott et al., 1991), Mississippi

Fig. 5. Foraminifera preserved in 1-cm thick samples from core LMR-9 (ﬁve most abundant species are shown) expressed as percentage abundance. Paleomarsh elevation with respect to
contemporary mean high water (MHW) was estimated using the transfer function. Error bars represent a ~ 1σ, sample-speciﬁc uncertainty. Dissimilarity between foraminiferal assemblages in each core sample and its closest analog in the modern training set was measured using the Bray-Curtis metric. Those samples with a minimum dissimilarity (MinDC) that
exceeded the 20th percentile of dissimilarities measured among all possible pairings of modern samples were excluded from the resulting relative sea level reconstruction.
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A

B

C
Fig. 6. Chronology established for core LMR-9. (A) downcore measurements of elements (arsenic and lead) used to identify pollution horizons assumed to correspond to regional-scale
industrial and agricultural practices. The 137Cs proﬁle reﬂects the history of above-ground nuclear weapons testing that peaked in 1963 CE. Casuarina is a genus of trees that are nonnative to Florida. These species were introduced as ornamentals and the ﬁrst occurrence of Casuarina pollen is therefore an age marker. (B) Bchron age-depth model (mean with 95%
credible interval) developed for LMR-9 using marker horizons and radiocarbon dates (gray bars, whose thickness is scaled to calibrated probability). (C) Rate of sediment accumulation
estimated for LMR-9 (mean with 95% credible interval) using the Bchron age-depth model.
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are conﬁdent that our modern training set constitutes an appropriate
dataset for interpreting assemblages of foraminifera preserved in core
material. While we did not sample open water and sub-tidal locations in
Tampa Bay and Charlotte Harbor, previous research (e.g., Bandy, 1954;
Bandy, 1956; Poag, 2015; Walton, 1964) demonstrates that the foraminiferal assemblages in these settings are signiﬁcantly diﬀerent to
those that we observed on the sampled salt marshes. Although there is
considerable overlap in the elevational ranges of groups two, three and
four identiﬁed using PAM (Fig. 4) this does not diminish the utility of
salt-marsh foraminifera as sea-level indicators. Regional-scale studies of
the modern distribution of foraminifera frequently report that high saltmarsh environments are characterized by more than one assemblage,
particularly where the training set is suﬃciently large to include a variety
of sites (e.g. Wright et al., 2011; Kemp et al., 2009b; Horton and Edwards,
2006). Since the upper and lower elevations of these distinct groups are
strongly controlled by tidal inundation, each group meets the accepted
criteria of being a sea-level proxy. This pattern is similar, for example, to
the vertical distribution of salt-marsh plants. In the northeastern United
States, high salt-marsh environments are most commonly vegetated by
Spartina patens and Distichlis spicata. Although the two plants exist across
the same range of elevations, each is a valid sea-level proxy in its own
right because its distribution is controlled by tidal elevation. We contend
that our modern training set provides a reasonable estimate of the lower
limit of the assemblage dominated by Ammobaculites spp., when viewed
in the context of site geomorphology and the documented distribution of
assemblages dominated by calcareous taxa in nearby shallow sub-tidal
environments.

Table 3
Transfer function statistics.
Component

r2

RMSE (m)

Boot r2

RMSEP (m)

1
2
3
4
5

0.66
0.74
0.77
0.78
0.78

0.063
0.056
0.053
0.051
0.051

0.62
0.67
0.68
0.68
0.68

0.069
0.066
0.067
0.070
0.076

Transfer function statistics reported for ﬁve components from our Weighted Averaging –
Partial Least Squares (WA-PLS) model.

(Lankford, 1959; Phleger, 1970) and Florida (Phleger, 1965a) as well as
locations on the U.S. southeastern Atlantic coast in Florida (Kemp et al.,
2014), Georgia (Goldstein and Frey, 1986; Goldstein and Watkins, 1998),
South Carolina (Collins et al., 1995) and North Carolina (Kemp et al.,
2009b). The tidal ﬂat from MLW to MTL is represented by two samples
that are dominated by Ammobaculites spp. The abundance of M. fusca
peaks at approximately MTL, above which the occurrence of this species
is negatively correlated with elevation. In contrast, the vegetated saltmarsh platform occurring around MHW supports a foraminiferal population composed of increasing abundances of A. mexicana and A. inepta,
which display a near-normal distribution with elevation centered approximately on MHW. Samples above MHW yielded increasing abundances of Trochammina inﬂata and H. wilberti.
The vertical distribution of the samples in our modern training set
reﬂects the geomorphology of salt marshes in the Tampa Bay and
Charlotte Harbor estuaries. In this region, salt marshes that formed on
remnant karstic features were inﬁlled by siliciclastic material (e.g., Hine
et al., 2009). This results in expansive salt-marsh platforms with minimal
topographic relief outside of a step change in elevation between the intertidal platform and surrounding shallow sub-tidal settings. Furthermore, the platform marshes do not support supra-tidal communities and
salt marshes on the margins of the estuaries are frequently subject to
anthropogenic encroachment. Consequently, sampling elevation at regular intervals is unfeasible. Since the geological control on salt-marsh
morphology in the study region is likely to have persisted through the
past ~ 2400 years represented by core LMR-9 (e.g., Hine et al., 1988), we

5.2. Estimation and removal of the glacio-isostatic adjustment contribution
Millennial-scale, Common Era RSL trends on the North American
Atlantic and Gulf Coasts are primarily driven by GIA (e.g., Peltier, 2004),
which includes a land-subsidence component from the collapse of the
Laurentide ice sheet's proglacial forebulge and a component from reshaping of the geoid in response to mass redistribution in the mantle (e.g.,
Farrell and Clark, 1976). Existing RSL reconstructions (e.g., Engelhart
et al., 2009), tide-gauge data (e.g., Davis and Mitrovica, 1996), GPS
measurements (e.g., Karegar et al., 2016) and Earth-ice models (e.g., Roy
and Peltier, 2015) demonstrate that the contribution from GIA varies

A

B

Fig. 7. (A) Comparison of elevations measured at the time of sample collection (observed) and predicted by component 2 of the Weighted Averaging – Partial Least Squares (WA-PLS)
transfer function during cross validation of the regional-scale modern training set of salt-marsh foraminifera. (B) Diﬀerence (residuals) between observed versus predicted elevations.
MHW = mean high water.
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rate is primarily driven by GIA, but may also include a small
(< 0.05 mm/yr) isostatic contribution (uplift; RSL fall) from karstiﬁcation of the underlying carbonate platform because dissolution removes
mass and consequently generates an isostatic response (Adams et al.,
2010). This rate agrees with predictions from widely-used Earth-ice
models (Fig. 8A), which estimated the rate of Common Era GIA at Little
Manatee River to be 0.28 mm/yr (ICE5G VM2; Peltier, 2004) to
0.37 mm/yr (ICE6G VM5; Peltier et al., 2014). Using radiocarbon-dated
mangrove peats in southwestern Florida (Fig. 1), Scholl and Stuiver
(1967) and Scholl et al. (1969) estimated that the (pre-anthropogenic)
rate of RSL change in the past ~ 2000 years was 0.30–0.35 mm/yr.
We removed 0.3 mm/yr (without uncertainty) from the Little
Manatee River reconstruction using the EIV-IGP model to account for the
covariance of age and vertical uncertainties introduced by this adjustment (Cahill et al., 2015; Fig. 8). Over the Common Era in western
Florida it is reasonable to treat the contribution from GIA (and other
processes causing vertical land motion) as linear because the adjustment
time of the solid Earth to deglaciation is slow (Farrell and Clark, 1976;
Peltier, 1986). The resulting, detrended sea-level record reveals positive
and negative departures from the background rate of rise over our 2400year record (Fig. 9). Sea level fell at a maximum rate of −0.91 mm/yr.
(−1.71 to − 0.12 mm/yr) at ~ 300 BCE before stabilizing at ~ 100 BCE.
After this time, the rate of sea-level change did not deviate signiﬁcantly
from zero until ~ 1500 CE when rates of sea-level rise began to accelerate, reaching 1.33 mm/yr (1.11–1.56 mm/yr) in 1900 CE and
2.02 mm/yr (1.49–2.56 mm/yr) in 2014 CE. This is the fastest, centuryscale sea-level rise over the ~ 2400-year period covered by this record.
Change-point analysis of the detrended data identiﬁed that a signiﬁcant
change in the rate of sea-level rise occurred at 1815–1957 CE (95%
credible interval; compared to 1834–1922 CE in northeastern Florida;
Kemp et al., 2014 and 1830–1940 CE for analysis of the RSL reconstruction; Fig. 8b), which is consistent with results from the U.S.
Atlantic coast, where the onset of modern sea-level rise was estimated to
occur at ~ 1870 CE (Kemp et al., 2015). The relatively large uncertainty
in constraining the change point at Little Manatee River is a consequence
of the low sedimentation rate prior to the 19th century acceleration in
sea-level rise. This results in a 1-cm thick slice of sediment representing a
longer time interval than at sites where faster rates of GIA result in a
correspondingly high rate of sediment accumulation (e.g., Wright et al.,
2017).

A

B

C

Fig. 8. (A) Relative sea-level prediction for Little Manatee River from two widely used
Earth-ice models (Peltier, 2004; Peltier et al., 2014). For reference a linear rate of change
(0.3 mm/yr) is shown in red. (B) Relative sea-level reconstruction from Little Manatee
River, Florida developed using foraminifera preserved in a core of dated salt-marsh sediment. Proxy reconstructions are represented by boxes whose width spans the age error
of each sample from the Bchron age-depth model and whose height encompasses the
vertical uncertainty from the transfer function. These proxy reconstructions were combined with decadal average tide gauge measurements (blue crosses) generated by merging annual average records from Key West, Naples, Fort Meyers and St. Petersburg for
the period from 1913 to 2014 CE. The shaded and labeled interval prior to ~ 0 CE represents the time period where we contend that local-scale sedimentation processes were
the dominant cause of reconstructed RSL trends. Application of the Error-in-Variables
Integrated Gaussian Process (EIV-IGP) to the combined record described the continuous
evolution of relative sea level through time (mean with shaded 68% and 95% credible
intervals). Vertical shading denotes 95% credible interval for the timing of statisticallysigniﬁcant changes in the rate of RSL rise identiﬁed by change point analysis. (C) Rate of
relative sea-level change (positive values denote rise) through time estimated by the EIVIGP model. The shaded and labeled interval prior to ~ 0 CE represents the time period
where we contend that local-scale sedimentation processes were the dominant cause of
reconstructed RSL trends. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

5.3. Potential inﬂuence of local-scale processes on the relative sea-level
reconstruction
A RSL reconstruction generated from salt-marsh sediment (or indeed
any other source of proxy data such as a coral microatoll) represents
trends at the location from which the core was collected. Those trends are
driven by a combination of local-, regional- and global-scale processes
that vary in importance across space and through time. Therefore, a RSL
reconstruction can be accurate even if it records trends that are dominated by local-scale drivers such as sediment compaction. A fundamental
goal in utilizing RSL reconstructions to generate predictive understanding
of physical processes is to untangle the role of driving mechanisms that
operate across a range of spatio-temporal scales. We examine the potential inﬂuence of local-scale factors on the Little Manatee River RSL
reconstruction before drawing comparisons with other sites to garner
insight into regional-scale processes.

5.3.1. Marsh initiation at Little Manatee River
A prominent feature of our new reconstruction is the sea-level fall at
the beginning of the record (~ 300 to 100 BCE; Fig. 9). This fall coincides
with an environmental and lithological change from a sandy, tidal ﬂat or
shallow sub-tidal shoal occupied by Ammobaculites spp. (declining from a
maximum of 76% to 0%) to a salt-marsh assemblage in which A. mexicana (56%) and A. inepta (23%) were the most common species of foraminifera (Fig. 5). We propose that this feature is most likely a local RSL
change arising from the salt-marsh's initial colonization of the site
through the silting up of a tidal ﬂat (e.g., Redﬁeld, 1965). During this

systematically with distance from the former center of the Laurentide ice
sheet. To isolate climate-driven sea-level trends and to enable meaningful
comparison of reconstructions from diﬀerent regions, it is therefore necessary to remove the contribution of GIA (and any other sources of
vertical land motion) from RSL records. Based on a linear ﬁt to the new
Little Manatee River RSL reconstruction (0–1800 CE), we estimated the
background rate of RSL change in the study region to be 0.3 mm/yr. This
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Fig. 9. Comparison of the Little Manatee sea-level reconstruction (top row) with similar Common Era records from Louisiana (González and Törnqvist, 2009; Törnqvist et al., 2006;
middle row of panels) and northeastern Florida (Kemp et al., 2014; lower row of panels). Each record was ﬁrst detrended by a linear rate of relative sea-level change assumed to be driven
primarily by spatially-variable glacio-isostatic adjustment and any other processes causing vertical land motion (e.g. subsidence of the Mississippi Delta). The resulting sea-level trends
and rates of sea-level change were estimated using the Errors-in-Variables Integrated Gaussian Process (EIV-IGP) model. Vertical shaded bars indicate when increases in the rate of sealevel change took place (95% credible interval) as estimated by change point analysis. We did not apply this method to the Louisiana record because of the paucity of data after
~ 1600 CE. Panels on the right side show the diﬀerence in rate of sea-level rise between Little Manatee River and Louisiana/northeastern Florida calculated using the EIV-IGP model. The
yellow shaded and labeled interval prior to ~ 0 CE for the Little Manatee River site represents the time period where we contend that local-scale sedimentation processes were the
dominant cause of reconstructed RSL trends.

derived from J. roemerianus peat was not subject to the local-scale inﬂuence of compaction.

phase, the site experienced sedimentation at a rate that exceeded the rate
of regional RSL rise causing emergence and only when a stable, saltmarsh environment was established did the core site become a reliable
recorder of regional RSL trends. Our interpretation is further supported
by the absence of a sea-level fall of this nature in other RSL reconstructions spanning the same time interval from the North Atlantic Ocean
(e.g., Kemp et al., 2015). We therefore propose that the reconstruction
prior to ~ 0 CE should be treated as a record of local-scale processes and
should not be taken as representing trends at any location other than the
core site.

5.3.3. Inﬂuence of ﬂuvial processes
Our study site at Little Manatee River is located ~ 5 km upriver from
the outlet into Tampa Bay. Therefore, the time-evolving freshwater discharge may directly cause RSL change at the site (e.g., Meade and Emery,
1971; Gehrels et al., 2004) and inﬂuence how far upstream tides (and any
RSL “signal”) can propagate (e.g., Friedrichs and Aubrey, 1994). In addition, our reconstruction may be indirectly inﬂuenced through the eﬀect
of freshwater ﬂow on local tidal range (e.g., Jay et al., 2011), where tidal
range would be reduced/increased when baseﬂow is higher/lower. In
reconstructing RSL at Little Manatee River using the foraminiferal-based
transfer function, we implicitly assumed that tides were stationary for the
period under investigation. Although baseﬂow may have changed
through time in response (for example) to wet/dry phases in climate (e.g.,
Glaser et al., 2013; Stahle et al., 2016), we contend that four lines of
evidence suggest that this was not a major inﬂuence on our reconstruction. Firstly, there is a high degree of coherence between our reconstruction and existing records from the Atlantic coast of Florida
(Kemp et al., 2014) and Louisiana (González and Törnqvist, 2009) as
demonstrated by detrended sea-level records that are indistinguishable
from one another at the 95% credible interval (Fig. 9). This suggests that
either baseﬂow was not a signiﬁcant driver of local-scale RSL trends, or
that baseﬂow changes in each of these three systems were synchronous
and of the same magnitude, which we deem unlikely given that the three
sites are up to 800 km apart and located in distinct drainage systems.
Secondly, comparison of tidal datums at our site to those at the Port

5.3.2. Compaction
Post-depositional lowering of the sediment samples used to reconstruct RSL by mechanical compression (here termed compaction) may
lead to an overestimation of the total amount and rates of RSL rise (e.g.,
Bloom, 1964; Kaye and Barghoorn, 1964). However, continuous sequences of salt-marsh peat overlying a more dense substrate (e.g., sand)
do not undergo post-depositional lowering if they remained waterlogged
since deposition because of the low bulk-density of peat (e.g., Hijma
et al., 2015). We consider the basal sand unit at Little Manatee River to be
a substrate that cannot be compacted by the overlying salt-marsh peat
and based on observation of modern environments we conclude that the
peat unit likely remained water logged due to regular tidal inundation. In
the speciﬁc case of salt-marsh peat that accumulated in J. roemerianusdominated marshes, a recent study quantiﬁed post-depositional lowering
using an empirical compaction model (Brain et al., 2015) and concluded
that its contribution to reconstructed RSL trends in North Carolina
was < 0.03 m. Therefore, we assume that our short (~1 m) record
266

Marine Geology 390 (2017) 254–269

M.J. Gerlach et al.

Manatee tide gauge (NOAA ID 8726384; Fig. 1) indicate that there is only
a 0.06 m diﬀerence in great diurnal tidal range between open bay and
estuarine sites, despite their contrasting geomorphic settings and a presumably large diﬀerence in the importance of baseﬂow as an inﬂuence on
tidal inundation. Thirdly, other sites located similar distances upriver do
record centennial-scale RSL variability that was also recorded at the open
coast (e.g., Kemp et al., 2013), which suggests the RSL signals are eﬃciently propagated into estuarine settings even where there is ﬂuvial
baseﬂow. However, caution must be exercised in extrapolating this result
to Little Manatee River since estuary dynamics can vary signiﬁcantly
among locations. Fourthly, while Meade and Emery (1971) demonstrated
that variations in annual river inﬂow could account for 21% of annual
RSL variability on the Gulf Coast, they concluded that long-term RSL
trends were independent of runoﬀ. Since RSL reconstructions from salt
marshes are inherently time-averaged and record RSL trends on timescales of decades and longer, we propose that the empirical study of
Meade and Emery (1971) indicates that our reconstruction is not signiﬁcantly inﬂuenced by ﬂuvial processes. Although a body of evidence
and geological reasoning indicates that ﬂuvial processes are unlikely to
have contributed signiﬁcantly to the RSL trends reconstructed at Little
Manatee River, it is not possible to refute the hypothesis entirely without
an additional RSL reconstruction from the open coast near Tampa Bay (in
which only local-scale processes could reasonably explain a diﬀerence to
Little Manatee River) or a proxy reconstruction of river discharge in the
same estuary.

et al., 2015; McCarthy et al., 2015). The Little Manatee River and Nassau
Landing sea-level reconstructions are not signiﬁcantly diﬀerent to one
another (Fig. 9) except at 1500–1700 CE, when sea-level rise at Little
Manatee River was 0.03–0.91 mm/yr (95% credible interval) faster than
at Nassau Landing (Fig. 9). This diﬀerence arises from an apparent slow
down at Nassau Landing, rather than an acceleration at Little Manatee
River. Some models do predict a modest diﬀerence in RSL trends between
Florida's Gulf of Mexico and Atlantic Ocean coasts because of ocean dynamic eﬀects. For example, in Coupled Model Intercomparison Project
Phase 5 (CMIP5) simulations, Yin (2012) showed that under Representative Concentration Pathways 4.5 and 8.5 there is a small
(< 0.1 m), negative dynamic sea-level contribution along the Atlantic
coast at 2100 CE and 2300 CE, but no change in the Gulf of Mexico. Although this pattern is similar to the reconstructed diﬀerence at
1500–1700 CE, we contend that the direction and size of the forcing required to produce it is unrealistic for this time period. It is more likely
that the apparent slowing of sea-level rise at Nassau Landing occurs because of the absence of foraminifera in the core used to produce the RSL
reconstruction at approximately 1700–1800 CE. Therefore, we consider
the stability of Common Era sea-level at Little Manatee River and in
Louisiana to support the ﬁnding of Kemp et al. (2014) that no signiﬁcant
sea-level changes took place on the U.S. Gulf of Mexico and southeastern
Atlantic Ocean coasts until the onset of modern sea-level rise.

5.4. Common Era sea-level trends in the Gulf of Mexico and North Atlantic
Ocean

Prior to this study a paucity of data prevented the elucidation of
Common Era sea-level changes in the Gulf of Mexico. We addressed this
knowledge gap by reconstructing ~ 2000 years of regional-scale RSL
change in western Florida using a transfer function applied to assemblages of foraminifera preserved in a dated core of salt-marsh sediment
from Little Manatee River (Tampa Bay, Florida). We combined our proxy
reconstruction with a regional tide-gauge record produced from four
nearby gauges that span the period from 1913 to 2014 CE. We analyzed
the combined reconstruction using an EIV-IGP model, which demonstrated that RSL fell between ~ 350 BCE and 100 BCE, before rising
continuously until present. We removed a long-term, background rate of
RSL rise (0.3 mm/yr driven primarily by GIA) from the reconstruction
using the EIV-IGP model to account for covariance in the age and vertical
uncertainties induced by this adjustment. Sea level fell between 300 BCE
and 100 BCE as a result of local-scale processes and this trend should not
be ascribed any signiﬁcance beyond the core site. After this, sea level did
not deviate signiﬁcantly from zero until ~ 1500 CE when the rate of sealevel rise started to accelerate until a rate of 2.02 mm/yr was achieved in
2014 CE. This is the fastest centennial-scale rate recorded during the
~ 2000-year regional-scale reconstruction. We compared our reconstruction from the Little Manatee River to sites in Louisiana
(600–1600 CE) on the Gulf of Mexico and to northern Florida (past
~ 2600 years) on the U.S. Atlantic coast. These three records show no
evidence of signiﬁcant or systematic sea-level change until the onset of
modern sea-level rise, which stands in contrast to similar records from
sites further north where centennial-scale deviations from stable sea-level
are present in reconstructions derived in a similar fashion from salt-marsh
sediment.
Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.margeo.2017.07.001.

6. Conclusions

González and Törnqvist (2009) produced a detailed Common Era RSL
reconstruction from the Mississippi River Delta (Fig. 1) using radiocarbon-dated salt-marsh peat. The data are from three sites and we
therefore consider it to represent regional RSL trends from ~ 600 to
1600 CE. Furthermore, the basal nature of the samples indicates that
sediment compaction did not contribute signiﬁcantly to the reconstructed
trends. González and Törnqvist (2009) identiﬁed a possible sea-level oscillation at ~ 1000–1200 CE based on the improved ﬁt oﬀered by a
polynomial regression (r2 = 0.87) over a linear regression (r2 = 0.83) to
the mid-points of the discrete RSL reconstructions. To facilitate direct and
fair comparison between the Common Era RSL reconstructions from
Louisiana and Little Manatee River, we applied the EIV-IGP model to the
dataset of González and Törnqvist (2009) combined with RSL reconstructions from Patout Canal reported in Törnqvist et al. (2006). This
is the same dataset used in Kopp et al. (2016). The resulting Louisiana
RSL reconstruction was corrected for long-term, linear contributions from
GIA and delta subsidence that together are estimated to be 0.6 mm/yr
(González and Törnqvist, 2006; Yu et al., 2012). This analysis (Fig. 9)
indicates that the detrended rate of sea-level change in Louisiana increased marginally from zero at ~ 800 CE to 0.2 mm/yr at ~ 1000 CE, but
was not distinguishable from zero within the uncertainty (68% and 95%
credible intervals) for the duration of the reconstruction. In combination
with the reconstructed stability from Little Manatee River, we conclude
that sea level in the Gulf of Mexico was unlikely to have departed signiﬁcantly or systematically from the long-term trend driven by GIA/
subsidence during the Common Era, or that any departures were smaller/
shorter than can be resolved with existing salt-marsh records.
On the U.S. Atlantic coast of Florida, Kemp et al. (2014; Fig. 1) reconstructed RSL change during the past ~ 2600 years at Nassau Landing
and showed that there were no signiﬁcant, centennial-scale sea-level
trends prior to the onset of modern rise at 1834–1922 CE (Fig. 9). This
ﬁnding was a counter point to reconstructions from further north along
the Atlantic coast (e.g., Kemp et al., 2015; Kemp et al., 2011; Kemp et al.,
2013) that identiﬁed departures from a stable mean. This spatio-temporal
pattern was subsequently interpreted as evidence for regional sea-level
change driven by dynamic ocean and/or atmospheric processes (e.g.,
Kopp et al., 2016) because it is broadly similar to model simulations (e.g.,
Levermann et al., 2005; Yin et al., 2010) and shorter-duration observations of coastal sea level and oceanographic conditions (e.g., Goddard
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