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a b s t r a c t

Tide-gauge measurements in the western North Atlantic Ocean show coherent, multi-decadal relative
sea-level (RSL) trends across multiple spatial scales. Proxy reconstructions developed from salt-marsh
sediment can extend this instrumental record. However, the degree of coherence in proxy re-
constructions is underexamined through within-region replication. To explore within-region replication,
we developed a new RSL reconstruction from Fox Hill Marsh, Rhode Island to complement similar re-
cords at nearby sites. We established the elevation of former sea level from assemblages of foraminifera
and bulk-sediment d13C values using a Bayesian transfer function. We employed radiocarbon dating and
recognition of pollution horizons to construct a core chronology. Since ~1200 BCE, RSL rose by ~3.7 m at
Fox Hill Marsh. After correction for glacial isostatic adjustment, application of a statistical model
intended to quantify (multi-) century-scale trends showed that the fastest rate of rise in at least the past
3000 years was 1.71 ± 0.84 mm/yr (95% credible interval) in 2020 CE. This result replicates regional tide-
gauge measurements and other proxy reconstructions. Using an alternative statistical model constructed
to identify sub-centennial sea-level changes, we examined if there was a hotspot of 18th century rise in
the northeastern United States and found no spatially-coherent trend (i.e., occurring at all or most sites).
This lack of replication indicates that accelerated rise during the 18th century is likely local (site-specific)
in scale, or an artifact of individual reconstructions. Continued efforts to replicate RSL reconstructions
will increase confidence in the accuracy of records and their subsequent interpretation.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Relative sea-level (RSL) reconstructions contextualize modern
rates of rise and projections of future sea-level change with its
associated risks to ecosystems, infrastructure, and human coastal
populations (e.g., Bittermann et al., 2013; Gehrels et al., 2011;
Strauss et al., 2012). The unique position of RSL in time and space
arises from the interplay of multiple physical processes (e.g., Clark
et al., 1978; Milne et al., 2009). Examining commonalities and
(S.E. Engelhart).
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differences among RSL records across space and through time
provides an opportunity to recognize and quantify the contribu-
tions from specific physical processes. For example, 20th century
RSL changes measured by tide gauges along the Atlantic coast of
North America are used to evaluate ongoing glacio-isostatic
adjustment (GIA; Peltier, 1996), decadal-scale variability in ocean
circulation (McCarthy et al., 2015), annual changes in wind fields
and atmospheric pressure (Piecuch et al., 2016), and the role of river
discharge (Piecuch et al., 2018a). However, the limited duration of
tide-gauge RSL measurements (and to a lesser extent in eastern
North America than elsewhere, their geographic distribution)
hinders efforts to evaluate the global, regional, and local drivers of
RSL change on longer timescales and during earlier (pre-
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anthropogenic) periods. Fortunately, late Holocene (defined here
informally as the past ~3000 years) RSL changes are recorded by
proxies preserved in the sedimentary record beneath modern-day
salt marshes (e.g., Gehrels et al., 2005; Gerlach et al., 2017; Kemp
et al., 2018b). However, identifying the physical origins of spatio-
temporal variability in RSL requires replication of proxy re-
constructions over spatial scales appropriate to the posited causal
mechanisms (Gehrels et al., 2020).

Evaluating the relative importance of local- and regional-scale
processes should be underpinned by comparison of RSL re-
constructions with similar resolution and treatment of uncertainty
from multiple sites within a region. RSL trends are often quantified
using statistical models to make objective assessments with
appropriate consideration of temporal and vertical uncertainty
(Ashe et al., 2019). However, different models are rarely applied to
datasets to understand if results are sensitive to model choice. It is
therefore necessary to evaluate if, how, and why statistical models
applied to single records and networks of discrete RSL re-
constructions may generate (dis)similar sea-level histories from
common input data. Regions with a high density of RSL re-
constructions are the most suitable for examining the reproduc-
ibility of RSL trends and to weigh the likelihood that reconstructed
trends are local (site-specific), or regional in scale (Ashe et al., 2019;
Kemp et al., 2018b). The region with the greatest concentration of
late Holocene RSL records is the northeastern United States and
Canadian Maritimes, but even here additional records of compa-
rable resolution and quality are needed to draw robust conclusions
about local and regional-scale drivers of RSL change (Gehrels et al.,
2020).

To address these issues for improving our understanding of the
driving mechanisms and causal factors of late Holocene RSL
changes, we produced a new reconstruction spanning the past
~3000 years using foraminifera and stable carbon isotopes pre-
served in a core of dated salt-marsh peat from Fox Hill Marsh in
Rhode Island.We leveraged the new RSL reconstruction, along with
the increasingly dense network of comparable records, to examine
the replicability of RSL histories across spatial and temporal scales
using two statistical models.

2. Study area

We investigated lower Narragansett Bay, Rhode Island for three
reasons. Firstly, southern New England has a relatively high density
of near-continuous late Holocene RSL reconstructions (Fig. 1A),
which makes it an appropriate location for exploring within-region
replication. Secondly, vertical uncertainties in RSL reconstructions
have been shown to be correlated with tidal range (Barlow et al.,
2013) and the modest (0.9e1.2 m) great diurnal tidal ranges
(mean lower lowwater, MLLW to mean higher high water, MHHW)
of lower Narragansett Bay offer an opportunity to increase the
precision of late Holocene RSL reconstructions in southern New
England (e.g., Kemp et al., 2015 studied East River where great
diurnal tidal range is 1.75 m; Fig. 1). Thirdly, sites within the bay
contain thick accumulations of salt-marsh peat that span ~3000
years (Donnelly and Bertness, 2001, Fig. 1B) and are suitable for
extending near-continuous RSL reconstructions from the region
(e.g., Gehrels et al., 2020 provided a ~600 year record from Barn
Island; Fig. 1).

Narragansett Bay was sculpted by the Laurentide Ice Sheet,
which retreated from southern Rhode Island by ~20,000 years BP
(Oakley and Boothroyd, 2013). Subsequently, marine water trans-
gressed Narragansett Bay by ~7,100 years BP (Peck and McMaster,
1991). Today, Narragansett Bay (Fig. 1B), including the islands
within it, has 412 km of coastline, a mean depth of 8 m, a maximum
depth of 56 m, and an average salinity that ranges from 24 in the
2

upper bay to 32 towards the ocean. The tide gauge at Newport
(Fig. 1) measured 20th century RSL rise at 2.86 ± 0.73 mm/yr, of
which 1.06 ± 0.55 mm/yr is attributed to ongoing GIA (Piecuch
et al., 2018b; 95% credible interval).

After exploratory coring at sites throughout Narragansett Bay,
we selected Fox Hill Marsh because it preserves thick sequences of
high salt-marsh peat with abundant plant macrofossils and is
conveniently located ~1 km from the West Jamestown tide gauge
(NOAA station number 8453742; Fig. 1B) that provides local tidal
datums. Great diurnal tidal range at the site is 1.17 m. Unvegetated
tidal flats (comprising inorganic silt and clay) transition directly to
the high salt-marsh platform at an eroding and pronounced marsh
edge; this geomorphology is characteristic of many salt marshes in
the region. The distribution of C4 and C3 salt-marsh grasses at Fox
Hill Marsh is similar to those documented elsewhere in Narra-
gansett Bay (Crain et al., 2008; Wigand et al., 2003; Wozniak et al.,
2006) and more widely in southern New England and the mid-
Atlantic (e.g., Bertness, 1991; Niering and Warren, 1980; Nixon,
1982; Redfield, 1972). The peat-forming, high salt-marsh platform
exists from approximately mean high water (MHW) to MHHWand
is dominated by Spartina patens and Distichlis spicata, which both
utilize the C4 photosynthetic pathway. On the seaward edge of the
platform some stands of Spartina alterniflora (C4) are found and
patches of Salicornia virginica (C3) exist on the platform. The
brackish, transitional marsh above MHHW is vegetated only by C3

species (Juncus gerardii, Schoenoplectus spp., Aster tenuifolius, Iva
fructescens, Phragmites australis, and Typha spp.). Above the reach of
marine water is a freshwater, upland community comprised of C3
species.

3. Methods

3.1. Sea-level proxies

3.1.1. Foraminifera
Foraminifera are sea-level proxies because they form distinctive

assemblages that occupy salt-marsh surfaces at particular tidal el-
evations in response to environmental variables that are controlled
by the frequency and duration of inundation, which is well
approximated by elevation (e.g., Edwards and Wright, 2015; Scott
and Medioli, 1978). Salt-marsh foraminifera are used to recon-
struct paleomarsh elevation (PME) through reasoning by analogy,
where the observed relationship between foraminifera and tidal
elevation on modern salt marshes is the basis for interpreting
analogous assemblages preserved in core material (e.g., Gehrels
et al., 2005; Kemp et al., 2015). This approach requires a modern
training set that can be local (usually specific to the site being
investigated, i.e., Fox Hill Marsh), or regional in scale (drawn from
multiple sites to capture greater variability in environmental fac-
tors and species response, while also providing a greater diversity
of modern analogs).

We collected surface (0e1 cm depth) sediment samples along
four transects at Fox Hill Marsh (Fig. 1C) to quantify the local
relationship between salt-marsh foraminifera and tidal elevation.
Transects were positioned to systematically sample the elevational
gradient and capture the diversity of botanical zones present at the
site. The elevation of each sample was measured relative to local
tidal datums by levelling (with a Leica GS15 real-time kinematic
GPS utilising a base and rover; elevation error ± 0.02 m) directly to
a permanent tidal benchmark (West Jamestown, RI 3742 A 1977)
located ~ 1 km from Fox Hill Marsh. The elevation of the real-time
kinematic GPS base station was processed using OPUS, which was
then used in the Leica GeoOffice software to obtain elevations for
each sample collected by the rover.

Collected sediment samples were immediately placed into a



Fig. 1. (A) Location of study sites in southern New England. The relationship between foraminifera and tidal elevation is constrained by 315 samples collected along intertidal
transects at 17 sites (greyscale symbols). Historic relative sea-level trends are measured by a network of tide gauges (blue-filled circles identified by letters). Sites with near-
continuous relative sea-level reconstructions developed from cores of salt-marsh sediment are Pelham Bay, NY (Kemp et al., 2017a), East River Marsh, CT (Kemp et al., 2015),
Barn Island, CT (Donnelly et al., 2004; Gehrels et al., 2020), and Fox Hill Marsh, RI (this study). WWTP ¼ waste-water treatment plant. (B) Tidal datums at the Fox Hill site are
assumed to be the same as those measured by the NOAA tide gauge at nearby West Jamestown. Surface samples for measuring the compression properties of salt-marsh sediment
are from East River Marsh, CT and two sites in Narragansett Bay (Fox Hill Marsh and Marsh Meadows). (C) The stratigraphy beneath Fox Hill Marsh was described from hand-driven
sediment cores and core FHM-112 was selected for detailed analysis. Four intertidal transects (labelled AeD) were used to document the modern distribution of foraminifera. Bulk
sediment d13C was measured in samples collected along five short transects spanning the transition from freshwater upland to high salt marsh (EeI). References cited in body of
figure are (Barnett et al., 2017, 2019; Edwards et al., 2004; Gehrels and van de Plassche, 1999; Kemp et al., 2017a,b) (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)
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buffered ethanol solution containing rose Bengal to stain living
individuals (Walton, 1952) and then stored at 4 �C in darkness.
Samples were analysed within six months of collection. In the
laboratory, each sample was sieved to isolate sediment between
63 mm and 500 mm and then divided into eight representative sub-
samples using a wet splitter (Scott and Hermelin, 1993). We
counted foraminifera until reaching at least 100 dead individuals
(unstained), or until the sample was depleted. Dead assemblages
are used to capture a time-average assemblage that reduces the
influence of seasonality and patchiness (e.g., Scott and Medioli,
1980; Horton, 1999). Samples containing fewer than 40 dead
foraminifera were excluded from further analyses because they
may be statistically unrepresentative of downcore assemblages
with the potential to return an unreliable PME reconstruction
(Kemp and Telford, 2015; Kemp et al., 2020). Taxonomy followed
Edwards and Wright (2015) and Wright et al. (2011).

The counts of foraminifera from Fox Hill Marsh were taxo-
nomically standardized and added to an existing regional-scale
training set compiled from sites in New York and Connecticut
(Kemp et al., 2015 and references therein; Fig. 1A). In addition, we
standardized and added a recently-published dataset of modern
salt-marsh foraminifera from Barn Island, Connecticut (Gehrels
et al., 2020). Specifically, Trochammina inflata and Sipho-
trochammina lobata were merged into a single taxon, as were all
species of the genus Haplophragmoides. Individuals of the genus
Ammobaculites were placed into a single group as tests are often
broken in fossilized sediments and difficult to identify to the spe-
cies level. We use Jadammina macrescens (rather than Entzia
macrescens (Filipescu and Kaminski, 2011); discussion of genetic
variations in Appendix 1 of Schonfeld and Mendes, 2022); because
it continues to be widely used in the sea-level literature and this is
the taxonomy employed in the pre-existing database of modern
assemblages (Kemp et al., 2015 and references therein). To enable
sites with different tidal ranges to be combined, we express sample
elevation using a standardized water level index (SWLI), where a
value of 0 corresponds to local mean tide level (MTL) and a value of
100 is local MHHW. Therefore, the elevation of MHW varies among
sites (88 SWLI at Fox Hill Marsh). We designated the highest
occurrence of foraminifera (HOF) to be the single highest sample in
the regional-scale modern training set. We could not use HOF in
standardizing elevation since it was not captured in all of the
transects in the modern training set (Wright et al., 2011).

3.1.2. Stable carbon isotopes in bulk sediment
Salt-marsh grasses have different tolerances to the duration and

frequency of tidal inundation and consequently form conspicuous
vegetation zones (e.g., Bertness, 1991; Johnson and York, 1915;
Redfield, 1972). Along the U.S. Atlantic coast from approximately
Delaware to southern Maine (Fig. 1A inset), salt-marsh floral zones
below MHHW are occupied primarily by grasses using the C4
photosynthetic pathway, while zones above MHHWare dominated
by C3 plants (e.g., Johnson et al., 2007; Kemp et al., 2010; Kemp
et al., 2012b; Middleburg et al., 1997; Walker et al., 2021). The de-
gree of fractionation in favor of 12CO2 over 13CO2 by C3 plants is
greater than it is by C4 plants, resulting in characteristic and
readily-distinguishable d13C differences between these two groups
(e.g., Lamb et al., 2006). Deposition of in-situ organic material is a
primary mechanism of sediment accumulation in southern New
England salt marshes and bulk sediment therefore carries a d13C
signature that reflects the dominant plant community at the time of
deposition (e.g., Chmura and Aharon,1995; Middleburg et al., 1997;
Tanner et al., 2010). Post-depositional changes to bulk-sediment
d13C values are smaller than the difference between modern
depositional environments dominated by C3 and C4 plants (Benner
et al., 1987; Gebrehiwet et al., 2008; Johnson et al., 2007).
4

To determine a local threshold d13C value for differentiating
between communities of C4 grasses found below MHHW and C3
plants found above MHHW, we collected bulk surface-sediment
samples along five transects at Fox Hill Marsh (Fig. 1C). Six sam-
ples on each transect captured the transition from the high salt-
marsh platform to surrounding freshwater upland, including
brackish, transitional communities of I. fructescens, P. australis,
Typha spp., and/or Schoenoplectus spp. Sample elevations were
measured using the method and instruments described in section
3.1.1. Samples were stored at 4 �C and in darkness to prevent
degradation before being oven dried at ~40 �C and ground to a fine,
homogenized powder. Approximately 2 cm3 subsamples of dried
sediment were treated with 5 ml of 6 N (20% weight for weight (w/
w)) HCl for 12 h at room temperature to remove any carbonate.
Samples were then neutralized with de-ionized water and dried.
d13C and total organic carbon content (TOC) were measured using
an Isoprime 100 Isotope Ratio Mass Spectrometer interfaced with a
Micro Vario Elemental Analyzer. The carbon isotope composition is
expressed as a part per thousand deviation from the Vienna Pee
Dee Belemnite standard (d13C ‰, VPDB). Modern photosynthesiz-
ing plants draw CO2 from an atmosphere that was enriched in 12C
through combustion of fossil fuels (the Suess effect; Keeling, 1979).
Consequently, the isotopic composition of the atmosphere changed
from �6.4‰ in 1845 CE (Francey et al., 1999) to �8.6‰ in 2017 CE
(at Mauna Loa; Keeling et al., 2001). To improve the analogy be-
tween d13C values measured in modern and fossil samples (Wilson,
2017), we adjusted modern measurements for the Suess effect by
adding 1.86‰, which is the decadal average correction for
2010e2020 CE during which the samples were collected. We refer
to these adjusted measurements as d13Cadj. The 1.86‰ value was
calculated from annual atmospheric measurements collated in
Linsley et al. (2019).

3.2. Sediment coring

The stratigraphy beneath Fox Hill Marsh was mapped from ~60,
hand-driven sediment cores positioned along transects (Fig. 1C)
and described in the field using Troels-Smith (1955). We selected
core FHM-112 for further analysis because it contained a thick unit
of high salt-marsh peat (with abundant, in-situ macrofossils for
radiocarbon dating) that we considered likely to provide a detailed
RSL spanning the past ~3000 years. We collected the core in over-
lapping, 50-cm long increments with an Eijkelkamp peat sampler
(52 mm diameter) to reduce contamination and sediment
compaction during core recovery. All core samples were transferred
to split PVC tubes, wrapped in plastic, labelled, and stored at 4 �C for
preservation. Core-top elevations weremeasured using themethod
and instruments described in section 3.1.1.

3.3. Core chronology

We isolated identifiable and in-situ rhizomes and stems of salt-
marsh plants (primarily D. spicata) for radiocarbon dating by dis-
secting FHM-112 at every 1-cm thick interval (Donnelly, 2006;
Kemp et al., 2013b; van de Plassche et al., 1998). These macrofossils
grew up to 4 cm below the salt-marsh surface and are therefore
appropriate material for radiocarbon dating paleomarsh surfaces
(van de Plassche et al., 1998; Wright et al., 2017) that were
inhabited by the salt-marsh foraminifera that we used to recon-
struct PME (section 3.4). From the suite of available macrofossils,
we selected samples to provide an approximately even spacing of
radiocarbon dates throughout the core. These samples were
cleaned under a microscope to remove any younger root material
and adhered sediment and then oven dried at ~40 �C. At the Na-
tional Ocean Sciences Accelerator Mass Spectrometry facility,
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samples underwent acid-base-acid pretreatment before conversion
to graphite; d13C was measured on an aliquot of gas collected
during sample combustion.

Due to a plateau in the radiocarbon calibration curve, material
younger than ~1600 CE returns multiple calibrated ages resulting in
relatively large chronological uncertainty (Reimer et al., 2020). To
overcome this impediment to developing a precise chronology of
sediment accumulation in FHM-112, we identified pollution trends
and events of known age in downcore profiles of lead isotope ratios,
metals concentrations, and 137Cs activity from the upper 70 cm of
FHM-112. Lead isotope ratios and metals concentrations were
measured by mass spectrometry at a commercial laboratory (SGS
Mineral Services). We sampled and processed the core at 1 cm
increments (0e20 cm depth) andmeasured 137Cs activity in sample
thicknesses combined as necessary to achieve sufficient mass to fill
the standard counting geometry (i.e., sealed Petri dish) using the
methods and instruments described in Corbett and Walsh (2015).

Downcore trends of lead isotope ratios, metals concentrations,
and 137Cs activity were assigned to known historical pollution
trends/events with several assumptions. Atmospheric deposition
(via prevailing westerlies) is the principal source of metal input to
high-marsh sediments (Bricker-Urso et al., 1989). We assume that
no further isotopic fractionation took place during transport, or
following deposition on the marsh surface (Kemp et al., 2012a;
Lima et al., 2005). Downcore trends are interpreted primarily as
regional-, rather than local-scale trends (Dunnington et al., 2020).
Trends rather than absolute values are used because pollution per
unit of production and sedimentation rate can vary through time.
Age uncertainties assigned to each age marker account for the time
between pollution emission and subsequent deposition. Depth
uncertainties reflect the interval in the core over which a trend or
event occurred.

We produced an age-depth model for FHM-112 using Bchron
(Parnell et al., 2008, 2011; Parnell and Gehrels, 2015). The position
of radiocarbon-dated macrofossils was adjusted upward by 2 cm
and assigned an uncertainty of ±2 cm since they grow within 4 cm
of the salt-marsh surface. The Bchron age-depth model calibrated
these ages using the IntCal20 calibration curve (Reimer et al., 2020).
Horizons dated by recognition of pollution trends and events were
treated as having normally distributed uncertainty.

3.4. Reconstructing relative sea level

We counted foraminifera preserved in 1-cm thick samples
positioned at 3-cm intervals, with additional samples counted in a
section of the core (47e31 cm) corresponding approximately to the
18th century. Methods followed those described for modern sam-
ples (section 3.1.1), except that no rose Bengal stain was added. The
analogy between modern and fossil assemblages of foraminifera
was quantified using 12 dissimilarity measures. This analysis was
performed using the analogue package for R (Simpson, 2007, 2012).
For each method, the dissimilarity between all possible pairs of
modern samples was measured and the 20th percentile of these
values was adopted as a threshold (Kemp and Telford, 2015). If the
dissimilarity between a core sample and its closest modern analog
exceeded the threshold it was deemed to have no modern analog,
while dissimilarity less than the threshold indicated acceptable
analogy between modern and fossil assemblages. Samples without
a modern analog under at least six of the 12 dissimilarity metrics
were removed from further analysis.

At 5-cm intervals we measured bulk sediment d13C using the
instruments and methods described for surface sediment (section
3.1.2). The Bchron age-depth model (1000 runs in the final
ensemble, which is the default setting) estimated the age of each
d13C sample in the core andwe used this age to correct for the Suess
5

effect using decadal-average values since 1840 CE (Linsley et al.,
2019). Consequently, all modern and core d13C values are cor-
rected to pre-anthropogenic values and are directly comparable
regardless of age.

PME was reconstructed using a Bayesian transfer function (BTF;
Cahill et al., 2016) trained on the expanded dataset of modern
foraminifera (section 3.1.1; Fig. 2). We used n-fold cross validation
to assess BTF performance, during which 10% of modern samples
(i.e., n ¼ 10) were removed from the training set and predicted.
Downcore d13C values provided informative priors to constrain
model estimates of PME (Cahill et al., 2016; Kemp et al., 2017a).
Rather than use individual d13C measurements to set priors, we
divided the core into sections characterized by persistent values
and assigned each depth with counts of foraminifera one of three
possible priors. (1) Samples where d13C values (more positive
than �17.0‰) and lithology (peat) indicate deposition on the high
salt-marsh platform dominated by C4 grasses were assumed most
likely to have accumulated between MHW and MHHW (88e100
SWLI). (2) If d13C values (more negative than �20.0‰) indicate an
environment of deposition dominated by C3 plants, the specified
prior elevation was MHHW to HOF (100e165 SWLI). (3) Interme-
diate d13C values (�17.0‰ to �20.0‰) provide no additional in-
formation and no informative prior was assigned. These threshold
values were established empirically (see section 4.2). Application of
the BTF to downcore assemblages of foraminifera estimated PME
with uncertainty (95% credible interval), which was converted from
SWLI units using the modern tidal range at the study site. This
approach therefore assumes a stationary inundation regime.

RSL is calculated using the following equation:

RSL ¼ Altitudei - PMEi

Where Altitudei is the measured contemporary elevation of the
sample i (core topminus depth in core) and PMEi is the paleomarsh
elevation reconstructed by the BTF (both terms expressed relative
to the same tidal datum). Therefore, 0 m RSL is, by definition,
achieved in the year of core collection since Altitude and PME for
the surface sample in FHM-112 should have the same value (within
uncertainty). The age (with uncertainty expressed as a 95% credible
interval) of sample i is estimated by the age-depth model.

3.5. Quantifying relative sea-level trends

Tide-gauge measurements from Newport, Providence, New
London, Woods Hole, and Montauk (Fig. 1A) provide an instru-
mental record of historical RSL change. Annual measurements were
first averaged spatially across these five locations and then aver-
aged temporally to produce a decadal-resolution dataset (with an
associated vertical and chronological uncertainty) that could be
meaningfully combined with the proxy reconstruction. We initially
used an Errors-in-Variables Integrated Gaussian Process (EIV-IGP)
model to quantify RSL trends with uncertainties (Cahill et al., 2015).
Input for the EIV-IGP model was the proxy RSL reconstruction from
FHM-112 and the decadal-average RSL data compiled from regional
tide-gauge measurements. We also applied the statistical model
presented in Gehrels et al. (2020) to explore how model architec-
ture and choice can influence interpretation of proxy RSL histories.
For convenience we refer to this as the G20 model. The EIV-IGP and
G20 models are described more fully (and directly compared) in
section 5.2. We employed the approach and model used by Walker
et al. (2022) to identify when modern rates of sea-level rise began
(termed time of emergence) and to quantify global, regional, and
local sea-level budgets. The input data of RSL reconstructions for
this analysis was the database of proxy sea-level reconstructions
used by Walker et al. (2022) following updates to include the new



Fig. 2. Regional-scale modern training set of salt-marsh foraminifera used in the Bayesian transfer function. (A) The training set is comprised of 315 samples collected along
transects at 17 sites in New York, Connecticut, and Rhode Island. The data collected and compiled from previous studies by Kemp et al. (2015) was updated to include more recent
data from Barn Island (BI; Gehrels et al., 2020) and Fox Hill Marsh (FHM; this study). Sample elevation is expressed as a standardized water level index (SWLI), where a value of
0 corresponds to local mean tide level (MTL) and a value of 100 is local mean higher high water (MHHW). The single highest sample containing foraminifera is used to define the
regional highest occurrence of foraminifera (HOF) as 165 SWLI. (B) Relationship between major taxa and tidal elevation in the regional-scale modern training set. Hs ¼ Haplo-
phragmoides spp. For clarity of presentation, only the recent additions to the modern training set from Barn Island and Fox Hill Marsh are differentiated by color from the previous
compilation. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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record from Fox Hill Marsh and modified versions of the East River
and Pelham Bay reconstructions (see section 3.7).
3.6. Post-depositional lowering

Salt-marsh sediments can experience post-depositional
lowering (PDL) through physical compaction and mass loss dur-
ing biodegradation (Bloom, 1964; Brain, 2016; Long et al., 2006)
with the effect that the magnitude and rate of reconstructed RSL
rise is over estimated (e.g., Shennan and Horton, 2002). We esti-
mated PDL caused by physical compaction of samples in FHM-112
using the geotechnical modelling approach of Brain et al. (2015,
2011, 2012). This approach requires a modern training set of surface
sediment samples to inform and run the geotechnical model, for
which we used an existing dataset of 11 salt-marsh samples from
East River Marsh (Brain et al., 2017, Fig. 1) supplemented with four
new samples from two sites in Rhode Island (Fox Hill Marsh and
Marsh Meadows; Fig. 1B). We measured organic content (loss-on-
ignition; LOI), particle density (Gs), and compression behavior using
6

the methods and instruments described in Brain et al. (2017;
Table 1). The expanded modern dataset of 15 surface sediment
samples comprised the empirical observations needed to quantify
the relationship between LOI and compression properties of salt-
marsh sediment using regression models (Table 2).

For contiguous, 2-cm thick samples in FHM-112, we measured
LOI and dry bulk density and then used the empirical relationships
established from modern, analogous sediments to estimate the
compression properties at each sample depth (Table 2). For each
modelled layer in each model run, we assigned values of the
compressive yield stress (s0y) by sampling from a continuous
triangular probability distribution, defined by the modal value and
range of s0y observed in surface sediments tested. The geotechnical
model was implemented using aMonte Carlo approach (5000 runs)
to estimate PDL with uncertainty (±1 standard deviation) for the
core samples. We compared measured and model-derived esti-
mates of dry bulk density to assess model performance.



Table 1
Key geotechnical and material properties of modern samples collected at Fox Hill Marsh and Marsh Meadows, Rhode Island.

Sample ID Loss on ignition (%) Particle density, Gs Voids ratio at 1 kPa, e1 Recompression index, Cr Compression index, Cc Yield stress, s0y (kPa)

FHM13-GT01 50.15 2.15 8.39 0.02 3.51 2.50
FHM13-GT02 42.83 2.08 12.87 0.05 5.22 2.50
JMT-13-GT01 52.14 1.94 8.24 0.09 3.40 3.00
JMT-13-GT02 56.56 2.22 16.64 0.18 6.48 3.00

Table 2
Summary of error terms for regression equations used in decompaction modelling. All predicted variables are unitless.

Predicted variable Residuals passed Shapiro-Wilk normality test? Regression model error distribution ± error term Equation

Gs No Uniform 0.25a
Gs ¼ 3:8

ð0:013� LOIÞ þ 1:4
e1 Yes Normal 2.04b e1 ¼ 0:205� LOIþ 1:02
Cc Yes Normal 0.86b Cc ¼ 0:092� LOI� 0:019

a Error term is ± half range of residuals.
b Error term is ± 1 standard error.
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3.7. Modifications to existing relative sea-level reconstructions

Gehrels et al. (2020) proposed that additional (e.g., Fox Hill
Marsh) and more detailed RSL (i.e., revision of existing records)
reconstructions from southern New England would be valuable for
testing their hypothesis that a hotspot of rise occurred during the
18th century and was caused by melting of land-based ice in the
Arctic. To meet this need, we updated existing RSL reconstructions
(shown on Fig. 1A) from Pelham Bay, NY (Kemp et al., 2017a) and
East River Marsh, CT (Kemp et al., 2015), that were excluded from
the analysis by Gehrels et al. (2020) on the basis of having insuf-
ficient resolution. We generated a new age-depth model for core
PBA-4 from Pelham Bay using the Bchron package. We used the
chronological data of Kemp et al. (2017a), but with an additional
age marker representing the historic impact of wastewater treat-
ment plants on the amount and isotopic composition of nitrogen
deposited in nearby salt-marsh sediment. Peteet et al. (2018) pro-
posed that nitrogen concentration and d15N were negatively
correlated in pre-anthropogenic sediment, but discharge of
wastewater resulted in a positive correlation because bacteria
preferentially process 14N during denitrification resulting in dis-
chargedwater being enriched in 15N. They dated this change in salt-
marsh sediment to 1903 CE when the Jamaica Bay wastewater
treatment plant opened close to their study site (southern coast of
Long Island; Fig. 1A). Since Pelham Bay is located on the northern
coast of Long Island Sound it is unlikely that it received significant
quantities of wastewater from the Jamaica Bay plant. The first large
wastewater treatment plants closer to Pelham Bay opened at Tall-
man Island in 1939 and Hunts Point in 1954 (Fig. 1A). In PBA-4 a
positive excursion in d15N begins at depths of 36e27 cm. Following
Peteet et al. (2018), we assigned this depth interval an age of 1947
CE ± 7 years based on when nearby wastewater treatment plants
opened. The new age-depth model employed the IntCal20 cali-
bration curve (Reimer et al., 2020) for radiocarbon ages. We also
updated the age-depth model for the East River RSL reconstruction
by using IntCal20.

To increase the resolution of the two RSL reconstructions in the
18th century, we counted foraminifera in six additional samples
from the Pelham Bay core (at 61e51 cm, approximately 1743e1835
CE) and in six additional samples from the East River Marsh trench
(at 53e35 cm, approximately 1679e1850 CE). The updated tem-
poral distribution of samples in both records is sufficient to deter-
mine if the rate of RSL rise accelerated in the 18th century at either
site. Indeed, the resolution of the Pelham Bay reconstruction cannot
be increased further since every 1-cm thick sample at 64e50 cm
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(approximately 1668e1829 CE) was counted. The new BTF (with
priors from bulk sediment d13Cadj) was applied to the assemblages
of fossil foraminifera at Pelham Bay and East River to reconstruct
PME. The revised RSL reconstructions are tabulated in supporting
Table S1.
4. Results

4.1. Modern foraminifera

Along the four surface transects established at Fox Hill Marsh, 42
samples yielded at least 40 dead individual foraminifera and we
identified 13 taxa, of which seven had a relative abundance
exceeding 10% in at least one sample (Supplementary Data). Above
125 SWLI, Jadammina macrescens was the most common taxon
(Fig. 2B), while elevations at approximately 75e125 SWLI were
characterized by high abundances of T. inflata/S. lobata and Tipho-
trocha comprimata. Below ~75 SWLI, Miliammina fusca was the
most common taxon. These new paired observations of surface
elevation and foraminifera were combined with an existing
compilation of data for New York and Connecticut (Kemp et al.,
2015 and references therein) and a recent dataset from Barn Is-
land (Gehrels et al., 2020) to generate a regional-scale training set
comprised 315 samples from 17 sites (Fig. 2). The new observations
from Fox Hill Marsh raise the elevation of HOF from 155 SWLI to
165 SWLI in comparison to Kemp et al. (2015). At Fox Hill Marsh, the
elevation of HOF therefore lies ~0.05 m above highest astronomical
tide. The data from Barn Island (Gehrels et al., 2020) increase the
relative abundances of T. inflata/S. lobata and Haplophragmoides
spp. at elevations above ~125 SWLI.

We used the expanded modern training set to develop a BTF.
Under n-fold cross validation, measured sample elevation is accu-
rately predicted (within the 95% credible interval) for 312 of the 315
modern samples (Fig. 3A). The mean difference between observed
and predicted elevation is < 5 SWLI. Above ~40 SWLI there is no
discernible structure to the residuals indicating that the BTF can
accurately reconstruct PME (Fig. 3B). Below ~40 SWLI, the BTF point
estimates appear to over predict SWLI, but the observed elevation
lies within the BTF uncertainty intervals for all but three (i.e., <1%)
samples. The relationship between elevation and key taxa is
quantified using species response curves (Fig. 3C). J. macrescens is
commonly the most abundant species of foraminifera in modern
and fossil sediment that was deposited in a high salt-marsh envi-
ronment and quantifying its distribution with respect to tidal
elevation is therefore a key step in reconstructing PME. In the



Fig. 3. (A) Comparison of observed (measured at the time of sample collection) and
predicted (by the Bayesian transfer function under n-fold cross validation) elevation
for the 315 samples from 17 salt marshes in the modern training set. Vertical error bars
are the 95% credible interval for predicted elevations. Dashed line represents parity
between observed and predicted elevation. SWLI ¼ standardized water level index,
where a value of zero is mean tide level and a value of 100 is mean higher high water.
(B) Residual (observed less predicted) elevation. (C) Modern relationship between the
four most common taxa of foraminifera in FHM-112 and tidal elevation (species
response curves) quantified by the Bayesian transfer function. Circles represent
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modern training set, the abundance of J. macrescens increases
sharply at MHHW (100 SWLI) and attains a peak at HOF (165 SWLI).
Since salt-marsh foraminifera are absent above HOF (i.e., the
probability of occurrence immediately decreases to zero above
HOF), the relationship between J. macrescens and tidal elevation (at
least in this study region) is not most accurately described by a
unimodal distribution (Kemp et al., 2018a). M. fusca displays a
negative correlation between abundance and tidal elevation and is
ubiquitous below MHW (~88 SWLI). The species response curve
indicates that a unimodal distribution may also not be the most
accurate means to quantify the distribution of M. fusca, although
this is likely because a paucity of shallow sub-tidal samples in the
modern training set means that it does not capture the transition to
a calcareous, marine assemblage that is observed to exist in Long
Island Sound (e.g., Akpati, 1975; Buzas, 1965; Thomas et al., 2000).
For T. comprimata and T. inflata/S. lobata the species response curves
constrained by empirical observations from the modern training
set indicate that a unimodal relationship to tidal elevation is likely
appropriate.

4.2. Stable carbon isotopes in modern bulk sediment

To determine the d13C threshold in bulk salt-marsh sediment
that formed above/below MHHW, we measured d13C in 30 surface
samples from five transects (Fig. 4; Supplementary Data). Following
adjustment for the Suess effect, d13Cadj values ranged from �14.4‰
to �26.3‰. Ten samples yielded d13Cadj values less depleted
than �17.0‰, of which nine were located below MHHW on the
peat-forming, high salt-marsh platform vegetated principally by
communities of S. patens and D. spicata, which are both C4 grasses.
There were 13 samples with d13Cadj values more depleted
than �20‰, of which 12 were situated above MHHW in botanical
zones dominated by C3 species that are representative of brackish
environments. These threshold values are similar to those observed
in a dataset from three sites in southern New Jersey (Kemp et al.,
2012b) and a site in northern New Jersey (Walker et al., 2021).
After combining the results from Rhode Island and New Jersey (also
corrected for the Suess effect), we find that 56 of 63 samples with
d13Cadj values less depleted than �17.0‰ were collected below
MHHW. Of the 41 samples with d13Cadj values more depleted
than �20.0‰, 39 were collected at or above MHHW. For samples
with intermediate values (�17.0‰ to �20.0‰) ten/nine were from
below/above MHHW. Based on this dataset of modern observations
in three regions with similar vegetation zones, but different cli-
mates, we propose that foraminifera-bearing sediment with a
d13Cadj valuemore negative than�20.0‰ formed aboveMHHWbut
below HOF (SWLI of 100e165), while foraminifera-bearing peat
with a d13Cadj value less negative than �17.0‰ formed between
MHW and MHHW (88e100 SWLI). No constraint on tidal elevation
is supported by intermediate d13C values. The spatial consistency of
threshold d13Cadj values between Rhode Island and New Jersey in-
dicates they are likely to be temporally robust under late Holocene
climate variability.

4.3. Stratigraphy at Fox Hill Marsh

There is a consistent stratigraphy underlying Fox Hill Marsh
(Figs. 1 and 5). The lowermost unit is inorganic, blue-colored silty
sand and gravel that we interpret to be an incompressible substrate
of glacial origin. In most locations this unit is overlain by a thin
observational data, solid line and shaded envelope are the model mean and 95%
credible interval respectively. For comparison, the vertical dashed line represents the
optima of each species calculated using a weighted averaging transfer function, which
assumes a unimodal relationship between taxa abundance and elevation.



Fig. 4. Relationship between d13C values measured on bulk salt-marsh surface sedi-
ment and tidal elevation along transects at Fox Hill Marsh in Rhode Island (this study),
three sites in southern New Jersey (Kemp et al., 2012b), and a site in northern New
Jersey (Walker et al., 2021). Samples with d13C values (adjusted for the Suess effect;
d13Cadj) more negative than �20‰ likely accumulated above mean higher high water
(MHHW), while samples less negative than �17‰ likely formed below MHHW
(shaded regions). Absolute elevations are not directly comparable between Fox Hill
Marsh and New Jersey because of differences in tidal range but can be reasonably used
to compare d13C values above and below a single tidal datum (MHHW) that is marked
by a change in botanical community in both regions.
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(<20 cm) dark brown to black amorphous peat with few identifi-
able plant macrofossils, although in some parts of the marsh it
includes relatively more sand and silt. Between this unit and the
Fig. 5. Stratigraphy beneath Fox Hill Marsh along two example transects of hand-driven co
detailed analysis and recovered using an Eijelkamp peat sampler.
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surface is a thick (up to 350 cm) interval of high salt-marsh peat
with abundant, in-situ, and identifiable macrofossils of common
salt marsh grasses, particularly D. spicata since its woody rhizomes
are often well preserved (Niering et al., 1977). Core FHM-112 is
representative of this site-wide stratigraphy and has a core-top
elevation of �0.18 m MHHW (0.42 m MTL).

4.4. Chronology

We radiocarbon-dated 30 plant macrofossils (Table 3, Fig. 6).
The samples were primarily identified as rhizomes of D. spicata and
this interpretation (as well as the inference that FHM-112 accu-
mulated on a high salt-marsh platform) is supported by d13C values
measured on the macrofossils during combustion that ranged
from �11.1‰ to �13.9‰, which is typical of D. spicata and S. patens
tissue (e.g., Chmura et al., 1987; Choi et al., 2001; Wozniak et al.,
2006). Radiocarbon dates indicate that FHM-112 spans the period
since ~1200 BCE with no evidence for periods of non-deposition,
erosion, or disturbance.

We identified eight chronohorizons representing pollution
trends/events of known age (Table 4, Fig. 6). Stable lead isotope
ratios (206Pb:207Pb) reflect changes in the production and use of
lead in North America since the early 19th century and these trends
are widely recognized in diverse sedimentary regimes in the
northeastern U.S. and Canadian Maritimes (e.g., Dunnington et al.,
2020; Gobeil et al., 2013; Kemp et al., 2012a), including laminated
river sediment on the western coast of Narragansett Bay (<5 km
from our study site; Lima et al., 2005). We assigned the age of
1858 ± 5 CE to the initial peak in 206Pb/207Pb, which reflects peak
lead production (as a proportion of U.S. national output) in the
Upper Mississippi Valley where galena ore has a distinctive
206Pb:207Pb composition. A minimum and recent maximum in
206Pb/207Pb are attributed to isotopic differences in the sources of
lead used in gasoline (1965 ± 5 CE) and the phasing out of leaded
gasoline (1980 ± 5 CE) respectively (Bollh€ofer and Rosman, 2001;
Hurst, 2000; Lima et al., 2005). The initial occurrence and peak of
137Cs activity are assigned ages of 1954 ± 2 CE and 1963 ± 1 CE
respectively, which reflect the start of nuclear weapons testing and
res that are representative of the shallow sub surface. Core FHM-112 was selected for



Table 3
Reported radiocarbon ages for samples in the Fox Hill Marsh core. Samples identified by the prefix “OS” were dated at the U.S. National Ocean Sciences Accelerator Mass
Spectrometry laboratory and reported ages and errors were rounded following the conventions of Stuiver and Polach (1977). Sample d13C values are provided relative to the Pee
Dee Belemnite (PDB) standard. Sample depths listed in table include a 2-cm adjustment for dating of plant remains that lived beneath the paleo salt-marsh surface. Samples
described as plant stem were not identified to the species level. Ds ¼ Distichlis spicata.

Depth (cm) Radiocarbon Age Radiocarbon Age Error d13C (‰, PDB) Laboratory Number Dated Material

41 155 15 �12.22 OS-128561 Ds
49 315 15 �13.14 OS-129459 Ds
56 590 15 �13.12 OS-125588 Ds
75 845 20 �13.5 OS-128562 Ds
88 780 20 �11.06 OS-124242 Ds
97 940 15 �13.63 OS-125568 Ds
108 970 15 �12.13 OS-128563 Ds
119 950 15 �12.24 OS-124244 Ds
128 1120 15 �12.1 OS-125569 Ds
143 1200 15 �12.56 OS-125589 Ds
149 1280 20 �13.02 OS-129379 Ds
162 1470 20 �12.21 OS-124245 Plant stem
177 1600 20 �13.3 OS-125590 Ds
184 1790 25 �12.92 OS-125591 Ds
201 1820 20 �13.18 OS-124243 Ds
212 1910 20 �13.26 OS-125592 Ds
223 1940 20 �13.43 OS-125668 Ds
227 2040 15 �13.57 OS-129460 Ds
233 2250 15 �13.2 OS-131667 Ds
238 2250 25 �13.75 OS-124248 Ds
246 2260 20 �13.88 OS-131668 Ds
252 2360 20 �12.67 OS-125593 Ds þ Plant stem
259 2470 20 �12.79 OS-128564 Ds
269 2570 20 �13.76 OS-125594 Ds
273 2520 15 �13.4 OS-128565 Ds
283 2470 20 �12.64 OS-124249 Ds
301 2770 20 �12.51 OS-125595 Ds
322 2820 20 �13.52 OS-124246 Ds
328 2900 20 �13.08 OS-129461 Ds
336 3000 20 �12.53 OS-124247 Ds
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the maximum fallout (Corbett and Walsh, 2015). The initial rise in
lead, vanadium, copper, and mercury concentrations above back-
ground values was interpreted as the onset of industrial activity in
the second half of the 19th century and assigned an age of
1875 ± 25 CE. The peak in their concentrations is interpreted as
passage of the Clean Air Act curtailing air pollution and is assigned
an age of 1974 ± 5 CE. An earlier peak in mercury is assigned an age
of 1900 ± 10 CE based on the 210Pb chronologies developed by
Varekamp et al. (2003) from salt-marsh cores on the Connecticut
coast of Long Island Sound, which recorded a regional rise in
mercury concentration.

The Bchron age-depth model for FHM-112 (Fig. 6) estimated the
age of every 1-cm thick interval between the surface and 340 cm
with an average uncertainty (95% credible interval) of ±111 years.
For the samples with counts of foraminifera that were used in the
final RSL reconstruction, the uncertainty ranged from ±12 years (at
2 cm) to ± 131 years (at 23 cm).

4.5. Foraminifera and bulk sediment d13C in FHM-112

Foraminifera are absent below 337 cm in the unit of glacial silty
sand and gravel, but present at all sampled depths in the overlying
unit of salt-marsh peat (Fig. 7; Supplementary Data). Three samples
yielded <40 foraminifera and were excluded from further analysis,
12 samples yielded 41e99 foraminifera, and 113 samples provided
counts >100 individuals. Samples with low counts occurred pre-
dominantly near the base of the core (332e296 cm) and at
236e227 cm. The downcore assemblage of foraminifera is
comprised primarily of four taxa that have a mean abundance of
69.3% (J. macrescens), 13.5% (T. inflata/S. lobata), 12.1%
(T. comprimata), and 4.5% (M. fusca). Cumulatively, these four taxa
account for >99% of counted individuals. At 337e281 cm, the
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dominant taxon was J. macrescens (mean 86.1%). Above 279 cm,
J. macrescens remained the most common taxon (mean 65.9%), but
was accompanied by higher abundances of T. inflata/S. lobata (mean
13.5%), which was particularly prevalent at 74e37 cm (mean
29.6%). T. comprimata occurs throughout the core, but with
noticeable increases at 89e79 cm (mean 40.4%) and 279e239 cm
(mean 23.6%). The mean abundance of M. fusca was <1% below
185 cm, but increased to 14.3% and 15.4% for the intervals
140e107 cm and 34e0 cm respectively. Coupled with lithology and
identifiable plant macrofossils, these assemblages indicate that
FHM-112 accumulated on a high salt-marsh platform that largely
kept pace with RSL rise. Every assemblage of foraminifera in FHM-
112 had an appropriate modern analog (Fig. 8). For one sample (at
37 cm), two measures of dissimilarity indicated a lack of a modern
analog, but this sample was retained in further analysis because the
other ten metrics indicated a suitable analog was available in the
modern training set. The samples excluded because of count size
<40 (at 230, 302, and 329 cm) had modern analogs in the training
set.

Following decadal-average correction for the Suess effect, bulk
sediment d13Cadj values in FHM-112 ranged from �13.4‰
to �26.7‰ (Fig. 7). From the base of the core, d13Cadj values sys-
temically shift from �26.7‰ at 350 cm to �14.0‰ at 300 cm,
indicating (along with the presence of foraminifera) a transition
from a botanical environment dominated by C3 species to one
dominated by C4 salt-marsh grasses. This change is accompanied by
an increase in total organic carbon from 5.8% at 350 cm to 23.8% at
340 cm. The uppermost 300 cm of FHM-112 is characterized by
consistent total organic carbon (mean 23.2%, standard deviation of
4.5%) and d13Cadj values (less depleted than �17.0‰) that represent
in-situ deposition of C4 plant material. The exception is an interval
lasting ~500 years between 125 cm (d13Cadj ¼ �17.7‰) and 70 cm



Fig. 6. Chronology for core FHM-112. Top row of panels present downcore profiles of elemental abundance, isotopic ratios, and 137Cs activity used to identify historic trends and
events of known age. Measurement uncertainties are smaller than symbols. Shaded envelopes represent the uncertainty in locating each historic horizon and stated ages include
the uncertainty of when the trend or event occurred. The lower panel presents the Bchron age-depth model developed for FHM-112. Radiocarbon dated material was in-situ and
identifiable plant macrofossils with a known relationship to the paleo salt-marsh surface.

Table 4
Chronohorizons identified in core FHM-112 with associated ages and depths in core.

Chronohorizon Marker Chronohorizon Event Age (CE) Depth (cm)

Lead isotopes Phasing out of leaded gasoline 1980 ± 5 4 ± 1
Cesium Maximum fallout from nuclear weapons testing 1963 ± 1 6.5 ± 1.5
Lead, Mercury, Copper, Vanadium Clean Air Act 1974 ± 5 7 ± 3
Lead isotopes Variations in lead sources in gasoline 1965 ± 5 7.5 ± 2.5
Cesium Start of nuclear weapons testing 1954 ± 2 10 ± 2
Mercury Peak pollution in Long Island sound salt marshes 1900 ± 10 18.5 ± 3.5
Lead, Mercury, Copper, Vanadium Industrial activity in New England 1875 ± 20 34.5 ± 7.5
Lead isotopes Upper Missisippi Valley lead mining peak 1858 ± 5 46 ± 4
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(d13Cadj ¼ �18.9‰), when d13Cadj returned to the range typical of
modern botanical environments dominated by C3 plants (peak
d13Cadj of �23.9‰ at 85 cm). This interval is not associated with a
systematic change in total organic carbon and although it occurs
concurrently with an increase in the abundance of T. comprimata,
other sections of the core with elevated abundances of
T. comprimata (e.g., 280e240 cm; Fig. 7) are not accompanied by a
systematic change in d13Cadj values.
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4.6. Reconstructing paleo marsh elevation using a Bayesian transfer
function

We reconstructed PME by applying the BTF to the 125 samples
in FHM-112 with count sizes >40 individuals and modern analogs
in the regional-scale training set (Fig. 7). The BTF was used with
uninformative priors for PME and then with priors for PME from
bulk sediment d13Cadj values. With uninformative priors, five
samples yielded a mean PME reconstruction <100 SWLI, including



Fig. 7. Foraminifera preserved in 1-cm thick samples of core FHM-112. Total organic carbon (TOC) and d13C were measured on bulk sediment and are used to infer environment of
deposition. The organic nature of all foraminifera-bearing samples indicates deposition above mean high water. Intervals of the core with d13C consistently more negative
than �20‰ (vertical dashed line) likely accumulated above mean higher high water (MHHW, equating to a standardized water level index e SWLI e of 100), but below the highest
occurrence of foraminifera (HOF) in the regional-scale modern training set (165 SWLI). In contrast, intervals with d13C consistently less negative than �17‰ (vertical dashed line)
likely accumulated below MHHW. d13C values in the range of �17‰ to �20‰ provide no robust constraint on paleomarsh elevation (PME). Symbols in the panel presenting d13C
values are colored by the prior used to constrain the Bayesian transfer function, which was used to reconstruct PME with a 95% credible interval. Results are presented for
application of the Bayesian transfer function with (BTF-P) and without priors (BTF) from bulk-sediment d13C values.
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three of the four samples closest to the top of the core where
decreasing PME indicates recent submergence of the site by
accelerating RSL rise. Excluding the samples above 10 cm, mean
PME across all depths was 123 SWLI and the mean uncertainty was
±42.6 SWLI (95% credible interval). Use of informative priors from
d13Cadj values resulted in a distinctive pattern of PME re-
constructions. At depths with d13Cadj values more negative
than �17.0‰ (below 302 cm and 143e68 cm), the BTF recon-
structed PME as 132.7 ± 22.7 SWLI (mean ± one standard deviation
across all depths). In contrast, specifying that samples with d13Cadj
values less negative than �17.0‰ likely formed on a high salt-
marsh platform between MHW and MHHW resulted in mean
PME of 94.6 ± 10 SWLI (depths of 302e146 cm and above 68 cm).
4.7. Post-depositional lowering

Four surface sediment samples from Rhode Island yielded LOI
values of 43e57% (Fig. 9A, Table 1). Existing data from East River (11
samples; Brain et al., 2017) characterized salt marsh sediment with
lower organic content (9e41%; mean of 23%). We combined these
two datasets to provide a regional training set to inform our
geotechnical model for estimating PDL. Organic content (LOI) is
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positively correlated with the voids ratio at 1 kPa (e1) (r2adj ¼ 0.71;
p < 0.0001) and the compression index (Cc) (r2 adj ¼ 0.74;
p < 0.0001) in modern sediment from a range of salt-marsh sub-
environments in the southern New England training set. In
contrast, particle density (Gs) is negatively correlated with LOI
(r2adj ¼ 0.69; p ¼ 0.0001) (Fig. 9; Table 2). The form and strength of
the relationships between LOI and geotechnical properties is
similar to those established using only the surface sediment sam-
ples from East River, but is extended to more organic sediment
through inclusion of the new samples from Rhode Island salt
marshes. However, there was no statistically-significant relation-
ship between the recompression index, Cr, and LOI. As such, in our
combined regional training set, values of Cr assigned to each layer
were estimated from a uniform probability distribution defined by
the minimum and maximum values observed in contemporary
samples (Table 2 and Brain et al., 2017).

In FHM-112, inorganic samples below 348 cm were character-
ized by low organic content (LOI <5%) and dry density greater than
1 g/cm3 (mean of 1.55 g/cm3; Fig. 9F). In comparison, the overlying
unit of high salt-marsh peat was more organic (mean LOI of 56%
with a standard deviation of 12%) and less dense (mean dry density
of 0.97 g/cm3 with a standard deviation of 0.07 g/cm3). Comparison



Fig. 8. Analogy between assemblages of foraminifera in 1-cm thick samples of core
FHM-112 and their closest analog in the regional-scale modern training set comprised
of 315 samples from 17 sites in New York, Connecticut, and Rhode Island. For each
depth, a calculated value is presented for the 12 different metrics employed to measure
dissimilarity. The threshold for determining if a sample has a modern analog is
calculated using the 20th percentile of dissimilarity measured between all possible
pairs of modern samples. Since the absolute values of these thresholds varies
depending on the metric used, dissimilarity is standardized where a value of 1 is equal
to the threshold. Values less than 1 indicate that a core sample has a modern analog,
while values greater than 1 indicate that the sample does not have an appropriate
modern analog. For clarity of presentation only symbols greater than 1 are colored by
the dissimilarity metric used. Samples with fewer than 40 individuals were removed
for further analysis because of low count size.
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of measured and predicted dry bulk density provides a means to
examine model performance. Linear regression of modelled and
observed dry density yielded a strong (r2adj ¼ 0.92) positive and
statistically significant (p < 0.0001) relationship (Fig. 9E), indicative
of strong model performance. Measured values of dry bulk density
from the unit of salt-marsh peat lie within the 1s uncertainty
bounds of the model predictions (Fig. 9F). Although measured and
predicted dry bulk density below 350 cm are comparable within
uncertainty, themodel systematically overpredicts dry bulk density
in this clastic unit. However, this does not lead to a corresponding
bias in predictions of PDL because the unit of salt-marsh peat is not
overlain by, or intercalated with, horizons of dense clastic sedi-
ment. The effective stress within the sediment column increases
13
linearly from 0 kPa at the surface to 2.3 kPa at 350 cm, belowwhich
the greater density of sediment causes a change in slope; effective
stress increases more rapidly with depth to reach 3.6 kPa at 366 cm.
Maximum PDL (1.1 cm ± 0.09 cm; 1s) occurs at 216 cm. Overall,
these results indicate that the salt-marsh peats in this location
experienced minimal PDL (maximum average rate of ~0.5 cm per
thousand years) through compaction over centennial to millennial
timescales (Fig. 9F). Given the low magnitude of PDL, we do not
adjust our RSL reconstruction for its influence, but we do discount
physical compaction as a meaningful driver of late Holocene RSL
change at Fox Hill Marsh.

4.8. Relative sea-level trends

Measurements from five tide gauges in the study region (Fig. 1)
display coherent variability on annual to multi-decadal time scales
and recorded average RSL rise of 2.84 mm/yr over the period
1931e2020 CE (Fig. 10A inset). The proxy reconstruction shows
~3.7 m of RSL rise at Fox Hill Marsh since ~1200 BCE (Fig. 10A). The
instrumental record of historic RSL rise falls within the uncertainty
of the proxy reconstruction. The principal driver of late Holocene
RSL trends along the U.S. Atlantic coast is ongoing GIA, which can
reasonably be approximated as linear over this time interval
(Peltier, 1996). To isolate the role of other physical processes and to
improve comparability among reconstructions, the estimated
contribution from GIA was removed. Several lines of evidence
provide a coherent estimate of the rate of GIA in southern Rhode
Island. Permanent GPS stations (including station URIL located
~11 km from Fox Hill Marsh; Fig. 1A) estimate a contribution of
0.9 ± 0.2 mm/yr (Karegar et al., 2016). A database of basal
(compaction-free) sea-level index points suggest that GIA is
1.1 ± 0.1 mm/yr (Engelhart and Horton, 2012; Engelhart et al.,
2009). Earth-ice model predictions suggest slightly higher rates of
GIA such as 1.3 mm/yr at Newport (ICE-6G_C VM5a; Peltier et al.,
2015). Piecuch et al. (2018b) assimilated these lines of evidence
and estimated that GIA contributed 1.06 ± 0.55 mm/yr to historic
RSL rise at Newport. We removed 1.06 mm/yr from our RSL
reconstruction and the compilation of tide-gauge measurements
(Fig. 10B).

We quantified (multi-)century scale trends in GIA-corrected
sea-level change at Fox Hill Marsh using the EIV-IGP model
(Cahill et al., 2015). Mean rates of change since 1230 BCE oscillated
within 0 ± 1 mm/yr until the mid-20th century (Fig. 10C). De-
partures from stability (95% credible interval that does not include
0 mm/yr) occurred at 1031e731 BCE (rising), 381e31 BCE (falling),
1044e1219 CE (rising), 1519e1669 CE (falling), and since 1869 CE
(rising). Minor oscillations may exist between 0 and 1000 CE, but
these are not distinguishable within the 95% credible intervals. The
maximum rate of rise recorded was 1.71 ± 0.84 mm/yr (95% cred-
ible interval) in 2020 CE; a century-scale rate of rise unsurpassed in
at least the previous 3000 years.

5. Discussion

5.1. Common Era sea-level variability

Acceleration in the rate of sea-level rise during the late 19th or
early 20th centuries is a robust feature of Common Era sea-level
reconstructions (e.g., Engelhart et al., 2009) and tide-gauge re-
cords (e.g.,Hay et al., 2015; Church and White, 2011). In Rhode Is-
land this acceleration resulted in the fastest (century-scale, under
the EIV-IGP model) rate of rise during at least the past 3000 years
occurring in the early 21st century (Fig. 10). Following correction
for GIA, the magnitude of this accelerated rate (1.71 ± 0.84 mm/yr
in 2020 CE) is consistent with analysis of tide-gauge records, which



Fig. 9. Estimating post-depositional lowering in FHM-112 using a geotechnical model. (AeD) Relationship between organic content (measured by loss-on-ignition; LOI) and
geotechnical properties of modern salt-marsh sediment at East River, CT (Brain et al., 2017) and in Rhode Island (this study; differentiated by symbol shape and fill). In D, the model
equation is from Hobbs (1986). (E) Comparison of measured and predicted (by the geotechnical model) dry bulk density. Vertical error bars are the 1s range of model predictions.
Dashed line represents parity between observed and predicted values. (F) Downcore geotechnical properties and estimated post-depositional lowering (PDL).
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estimated the rate of global mean sea-level rise since 1900 CE to be
1.56± 0.33mm/yr (90% confidence interval; Frederikse et al., 2020).
Timing of emergence analysis (Walker et al., 2022) indicates that
the rate of sea-level rise at Fox Hill Marsh exceeded Common Era
variability from 1918 CE onwards (1853e1945 CE; 95% credible
interval). This timing is consistent with results from other sites in
the study region (1750e1903 CE at Pelham Bay; 1820e1908 CE at
East River Marsh; 1858e1927 CE at Barn Island). Accelerated sea-
level rise is readily identifiable because it represents a large (and
growing) signal relative to the contribution from GIA (Walker et al.,
2022). For example, at Fox Hill Marsh GIA (1.06 mm/yr; Piecuch
et al., 2018b) comprised ~90% of the total rate of century-scale
RSL change in 1820 CE, compared to ~55% in 1920 CE, and ~38%
in 2020 CE. Decomposition of RSL reconstructions indicates that the
14
majority (~75%) of sea-level rise since 1900 CE in excess of GIA is
from processes driving global mean sea-level change (Walker et al.,
2022), such as thermal expansion and melting of land ice (partic-
ularly glaciers; Frederikse et al., 2020) resulting in a signal that is
detected at large spatial scales. We conclude that the timing and
magnitude of historic, accelerated sea-level rise is a robust and
well-replicated feature of southern New England's sea-level history
because the signal is large and widespread rendering it readily
identifiable. Generating additional proxy RSL reconstructions in the
northeastern United States and Canadian Maritimes is therefore
unlikely to meaningfully revise our understanding of when and
why accelerated sea-level rise began.

Prior to the onset of historic sea-level rise, some proxy re-
constructions identified smaller-magnitude phases of century-



Fig. 10. Relative sea level (RSL) reconstruction for Fox Hill Marsh. (A) Each RSL datapoint is represented by a box which includes a 95% credible interval for sample age from the
Bchron age-depth model and a 95% credible interval for vertical uncertainty from the Bayesian transfer function. Inset panel displays annual RSL measured by tide-gauges in the
study region expressed relative to average RSL for 2007e2017 CE (colored lines). Boxes represent decadal average RSL measured by tide gauges and this dataset was combined with
the proxy reconstruction as input for the statistical models used to quantify sea-level histories (B) Detrended sea level following removal of a linear trend of 1.06 mm/yr assumed to
represent the contribution from ongoing glacio-isostatic adjustment (GIA). Continuous sea-level histories were generated using the errors-in-variables integrated Gaussian process
(EIV-IGP) model (Cahill et al., 2015) and the statistical model utilized by Gehrels et al. (2020; G20). (C) Rate of detrended sea-level change estimated by the two models. Horizontal
dashed line at 1.7 mm/yr represents the rate measured by the Newport tide gauge for 1930e2020 CE following correction for GIA.

R.B. Stearns, S.E. Engelhart, A.C. Kemp et al. Quaternary Science Reviews 300 (2023) 107868
scale sea-level variability (e.g., Kemp et al., 2011, 2015, Fig. 10). In
contrast to the 20th century, the spatial and temporal coherence of
these features (and their correlation to phases of climate vari-
ability; e.g., Kopp et al., 2016) is challenging to discern. Decompo-
sition of pre-industrial Common Era RSL reconstructions indicates
that the contribution from processes other than GIA is modest with
proportionally large uncertainties (Walker et al., 2022). Before 1800
CE, global sea-level variability remained within a range of �0.2 to
0.2 mm/yr (compared to 1.3 ± 0.1 mm/yr in the 20th century in the
same analysis), likely because contemporary climate forcing was
also modest (PAGES2k, 2019) and lacked globally-coherent cold or
warm phases (Neukom et al., 2019). Similarly, regional-scale sea-
15
level variability on century timescales in southern New England
was less than 0.3 mm/yr and at some times and places was offset by
global or local-scale contributions acting in the opposite direction.
For example, at Fox Hill marsh, the mean contribution to the rate of
RSL change from global processes was �0.08 mm/yr (range
of �0.26 to 0.14 mm/yr), compared to �0.02 mm/yr (�0.29 to
0.23 mm/yr) from regional processes, and 0.01 mm/yr (�0.4 to
0.55mm/yr) attributed to local drivers. Given the likely scale of pre-
industrial forcing and resultant sea-level variability (particularly
compared to the vertical and temporal uncertainties that charac-
terize proxy reconstructions), we propose that a relatively larger
number and higher density of reconstructions is necessary to
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robustly isolate contributions from global, regional, and local pro-
cesses compared to efforts to identify and explain the onset of
historic rise.

5.2. Influence of model choice on quantifying sea-level histories and
trends

To provide an example of how the choice of statistical model
may affect recognition and interpretation of sea-level trends, we
analysed the Fox Hill Marsh reconstruction using two models (EIV-
IGP and G20; Cahill et al., 2015; Gehrels et al., 2020) that were
developed with expressly different goals. Input data followed
correction for GIA and included decadal-averaged tide-gauge
measurements. The EIV-IGP model generated a smooth sea-level
history where rates of change are muted and sustained. Prior to
the mid-19th century, mean rates of change varied from �0.56 to
0.82 mm/yr and the uncertainty in rate encompassed 0 mm/yr
except for the periods previously identified. The sea-level history
generated by the G20 model displays shorter-lived and larger-
magnitude variability than the EIV-IGP model. Prior to the 20th
century, mean rates of sea-level change range from �1.14 to
2.75 mm/yr. Notably there are two intervals (~930 BCE, and ~1300
CE) when the mean rate of change is faster than during the 20th
century and a third interval (~250 CE) when the 95% credible in-
terval includes rates in excess of those measured by nearby tide
gauges. These intervals coincide with changes in PME generated by
the BTF when the d13Cadj value of bulk sediment changed suffi-
ciently to cause reclassification of priors indicating if a sample
formed above or below MHHW. The G20 model identifies this
transition to represent a large and fast RSL change, while the EIV-
IGP does not. At these junctures the mid-point of consecutive RSL
data points changes abruptly (although vertical uncertainties
remain large relative to the change) because d13Cadj values are used
in a discrete fashion. This change is not necessarily indicative of a
large and episodic change in RSL, but rather a shift in plant com-
munity caused by a modest (few cm) change in PME. Before/after
the change in d13Cadj values, the salt-marsh surface was narrowly
below/above the MHHW threshold. This is evidenced by PME re-
constructions using the BTF without informative priors (Fig. 7),
which do not show rapid emergence or submergence of the salt-
marsh surface since foraminiferal assemblages are largely
unchanged.

Both models repeatedly sample uncertain proxy data to create
an ensemble of individual sea-level trajectories that is summarized
to arrive at a sea-level history. The notable differences in sea-level
histories for Fox Hill Marsh generated by the two models (Fig. 10C)
arise from three principal features in their architecture and choice
of parameters (Cahill et al., 2015; Dangendorf, Personal Commu-
nication, 2022; Garrett et al., 2022). Firstly, the latent process
quantified by the EIV-IGP model is the rate of sea-level change,
which is subsequently integrated to generate sea level. A prior (�4
to 4 mm/yr for all sites) is placed on the parameter controlling
variability in the rate of sea-level change. This prior reflects
observed geographic variability at centennial time scales in tide-
gauge records (Cahill et al., 2015). The centennial timescale ap-
proximates the amount of time represented by foraminiferal
communities in sequential, 1-cm thick, slices of core sediment. The
range of the prior is applicable throughout the Common Era
because historic forcing was likely greater than pre-anthropogenic
forcing (Neukom et al., 2019; Nidheesh et al., 2022; PAGES2k, 2019),
resulting in a greater range of sea-level rates. The use of a prior
means that the EIV-IGPmodel is unlikely to return rates of sea-level
change (following correction for GIA) greater than ± 4 mm/yr. In
contrast, the G20 model estimates sea-level then calculates rates of
change without constraints from priors.
16
Secondly, the two models take different approaches to sampling
the uncertain proxy data and treating temporal correlation among
data points. The EIV-IGP model includes a parameter which
quantifies the correlation among temporally-spaced (and
stratigraphically-ordered) data points. Consequently, data points in
the proxy reconstruction are not sampled individually and inde-
pendently of one another, but rather entire, equi-probable trajec-
tories are sampled. The characteristics of these sea-level rate
trajectories (and hence sea-level trajectories) is dictated by the
sampled covariance function at each sampling step. In the EIV-IGP
model, correlation among data points declines to zero over ~1000
years on the basis that the Common Era likely includes coherent,
multi-century periods of climate variability (e.g., PAGES2k, 2019).
Consequently, trajectories are smooth, but non-linear, on multi-
century timescales. These trajectories provide a posterior
ensemble of sea-level histories conditioned on the observed data
and its uncertainties. Reported results are the mean and variability
across all sea-level and rate trajectories. The G20 model does not
include temporal co-variance during sampling; proxy data points
are sampled individually and independently to produce synthetic,
error-free datapoints. After sampling, a trajectory is created by
fitting a Gaussian process to the synthetic datapoints with an
assumed temporal correlation structure (performed using the fitrgp
function in MatLab). The characteristic timescale for the Gaussian
process is centuries and the prior amplitude of sea-level variability
is chosen for each site individually. Independently sampling data-
points with no temporal dependency structure frequently results in
a synthetic sea-level dataset that includes potentially unrealistic
outcomes, such as age reversals for adjacent, stratigraphically-
ordered data points. These unrealistic outcomes may constitute a
significant majority of trajectories given the high temporal density
of datapoints. For example, in drawing downcore sample ages one
million times for each of the eight proxy records shown in Fig. 11,
six sites produced at least one age reversal in 100% of the iterations
(at Cheesequake and Chezzetcook >81% of iterations included at
least one age reversal). This result suggests that it may not be
possible to generate a sea-level history that adheres to stratigraphic
ordering when closely-spaced data points are sampled indepen-
dently, unless the underlying probability distributions for age are
distorted (e.g., forcing the deepest sample to have an age at the
extreme older edge of its distribution). Importantly, the final sea-
level history produced by the G20 model is generated by fitting
the Gaussian process to the midpoints of the original (non-syn-
thetic) proxy reconstruction (i.e., the temporal and vertical centre
of each data point) rather than from the ensemble of trajectories,
which are utilized to estimate uncertainty in the sea-level history.

Thirdly, when individual sea-level trajectories are generated, the
EIV-IGP model uses a Gaussian co-variance function, which is less
flexible (i.e., results in smoother sea-level trajectories) than the
Matern co-variance function (smoothness factor of 3/2) utilized by
the G20model when fitting the Gaussian process. These differences
between models reflect the purpose of their original development.
The EIV-IGP model places greater emphasis on reconstruction un-
certainties, resulting in smoother (less than ± 4 mm/yr), multi-
century trends, while the G20 model was built to place greater
emphasis on the mean of the underlying proxy reconstruction,
resulting in trends that are more variable (in some cases reaching
approximately�13 mm/yr and 10 mm/yr; Fig. 11) and shorter lived
(multi-decadal to centennial).

5.3. An 18th century hotspot of sea-level rise?

Gehrels et al. (2020) proposed that a hot spot of accelerated sea-
level rise occurred during the 18th century between Cape Hatteras
and Nova Scotia (Fig. 1A inset). In conjunction with anti-phased



Fig. 11. Sea-level reconstructions from the proposed region that experienced an 18th century acceleration of sea-level rise. Rows represent sites organized by latitude along the
Atlantic coast. Left column displays the sea-level reconstruction following correction for glacio-isostatic adjustment; each box represents sample-specific vertical and chronological
uncertainties. Shaded ribbon (95% credible interval) and line are from the G20 statistical model. Axes limits are standardized across sites for ease of comparison. Right column
displays the modelled rate of sea-level change from the G20 model (note that the vertical axes on the rate plots varies among panels). Shaded vertical envelope marks the 18th
century.
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rates of reconstructed sea-level change in Iceland, they advocated
for melting of Arctic land ice as the cause of the hotspot. Given the
spatial scale and extent of the proposed hotspot region, if such a
period of accelerated sea-level rise occurred, it should be a feature
that is widely replicated by proxy reconstructions. Using additional
and updated proxy reconstructions, we re-examined the likelihood
that an 18th-century hotspot of accelerated sea-level rise occurred.

We applied the G20 model (because it was intended to identify
short-lived variability) to eight proxy reconstructions in the
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proposed hotspot region (Fig. 11). Analysis was restricted to proxy
data (i.e., no tide-gauge measurements) and all estimates of GIA are
from Piecuch et al. (2018b), except for Chezzetcook, Nova Scotia,
which lies outside of the geographic bounds of the Piecuch et al.
(2018b) analysis. A GIA rate of 1.7 mm/yr, as proposed by Gehrels
et al. (2020), is used for Chezzetcook. The RSL reconstructions
from Pelham Bay and East River Marsh are employed following the
updates described in section 3.7. At each of the eight sites, the
modelled sea-level curve lies close to the center of proxy datapoints
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(see section 5.1) and comfortably within the uncertainties of the
reconstructions, which are large relative to the likely magnitude of
change (Fig. 11, left column). Model results from G20 do not
demonstrate any spatially-coherent regional signal over the time
period of approximately 1500e1900 CE. At four sites (Sanborn
Cove, Barn Island, Pelham Bay, and Cape May Courthouse; Fig. 11,
right column) there is an increase in the rate of rise for at least part
of the 18th century, although at some of these sites the change is
indistinguishable from stability within uncertainty (e.g., Sanborn
Cove). At some of these sites (e.g., Pelham Bay) the increased rate of
rise is part of a longer, multi-century trend, while at others (e.g.,
Barn Island), it is an oscillation that is completed in less than a
century. Furthermore, there are pronounced differences in 18th
century sea-level trends among adjacent sites. For example, the
rapid rise at Barn Island (peaking in 1773 CE at 2.3 mm/
yr ± 0.8 mm/yr in our emulation of G20) is located geographically
(Fig. 1A) between Fox Hill Marsh (~45 km east; no apparent ac-
celeration during 18th century) and East RiverMarsh (~65 kmwest;
18th century sea-level fall). This lack of a coherent spatial signal
(even at spatial scales of 10s km) suggests that a regional-scale
hotspot of rise did not occur during the 18th century, with the
attendant conclusion that patterns of sea-level change are unlikely
evidence for melting of land ice in the Arctic (or indeed elsewhere).

On passive margins, sea-level behavior on different temporal
and spatial scales are often linked, with local-scale processes
typically acting on shorter timescales than regional-scale processes
(Kopp et al., 2016). Therefore, models intended to detect short-lived
(sub-century) sea-level variability by emphasizing reconstruction
means may identify local-scale trends that can only be meaning-
fully distinguished from regional-scale features where there is a
high concentration (sites spaced 10s of km apart) of proxy records.
The lack of a spatially-consistent hotspot of 18th century rise in-
dicates that either a subset of sites experienced local-scale sea-level
change, or that accelerated rise during the 18th century is an arti-
fact of the underlying reconstructions. Given that the most pro-
nounced acceleration occurs at Barn Island, in the following section
we evaluate how apparent sea-level variability may arise from the
underlying proxy record at this site.

5.4. Influence of reconstruction techniques and decisions

Accelerated sea-level rise is recorded in salt-marsh stratigra-
phies in two ways. Firstly, sedimentation rates increase in lockstep
with sea-level rise and the salt-marsh surface maintains a constant
tidal elevation (evidenced by stable foraminiferal assemblages and
PME reconstructions). Secondly, the rate of sea-level rise exceeds
the rate of sedimentation and the tidal elevation of the salt-marsh
surface decreases, causing a transition in foraminiferal assemblages
and lower PME reconstructions. Examination of age-depth models
alongside assemblages of foraminifera and PME reconstructions
provides a means to understand how these two factors influenced
the identification of accelerated 18th century sea-level rise at Barn
Island (Fig. 12).

The Barn Island core was dated using models of 210Pb accumu-
lation (with 137Cs), recognition of the onset of industrial pollution
in Pb and Cu profiles, and radiocarbon dating (Fig. 12A). The
resulting age-depthmodel displays faster sedimentation during the
18th century (corresponding to 37e24 cm depth in the core), which
contributed to the reconstructed acceleration of sea-level rise.
However, the chronology of this section of the core appears prob-
lematic because the four radiocarbon ages show evidence for re-
versals of the age-depth relationship and possibly episodic
sedimentation. This pattern continues with two depths (16 cm and
18 cm) that yielded anomalously old and reversed radiocarbon ages
(these two depths were excluded from the age-depth model input
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by Gehrels et al., 2020). Even when presented with such reversals,
age-depth models will generate an output adhering to the law of
superposition (Blaauw and Heegaard, 2012; Haslett and Parnell,
2008). Other radiocarbon dated cores of salt-marsh sediment
from New England (including elsewhere at Barn Island; Donnelly
et al., 2004) rarely document reversals (e.g., Kemp et al., 2015;
Nydick et al., 1995; van de Plassche et al., 1998; this study; Wright
et al., 2017) and we propose that the frequency with which radio-
carbon dates lie out of stratigraphic order at Barn Island may be
evidence for disturbance. One possibility is that ditching at Barn
Island during the early 20th century (Dreyer et al., 2015) physically
overturned the in-situ salt-marsh peat captured in the core. Based
on a limited stratigraphic investigation (11 cores along one, ~30-m
transect) a spoil pile may have been inadvertently sampled. The
uppermost part of the core retains stratigraphic ordering of sam-
ples since it accumulated after ditching, while the two lowermost
radiocarbon ages (below ~45 cm) may have been below the surface
onto which spoil was heaped.

Foraminifera in the Barn Island core show a notable change in
assemblage at ~30 cm depth; over 50e30 cm the most abundant
species is J. macrescens, but above 30 cm T.inflata/S.lobata and
T. comprimata become dominant (Fig. 12B). To reconstruct PME
from these assemblages, Gehrels et al. (2020) used a weighted
averaging partial least squares (WA-PLS) transfer function trained
on 80 modern samples from four sites. The abrupt decrease in
J. macrescens at 30 cm caused a ~0.1 m lowering of PME (i.e., marsh
drowning). Over 37e24 cm (i.e., the 18th century), PME decreased
by ~0.15 m, equivalent to ~16% of great diurnal tidal range. This
change contributed to the reconstruction of accelerated sea-level
rise. To explore how training set composition influenced recon-
structed PME, we applied a WA-PLS transfer function that used the
expanded modern dataset of salt-marsh foraminifera (315 samples
from 17 sites). To avoid varying the type of transfer function as well
as the training set, we opted not to employ the BTF. The pattern of
change in PME using this model is similar in form to Gehrels et al.
(2020), but the scale of change during the 18th century is reduced
by ~50%. The difference arises because near monospecific assem-
blages of J. macrescens are associated with lower elevations in the
larger modern training set than they are in the data from four
modern sites. We conclude that developing a transfer function
using a subset (~25%) of the available modern data resulted in a
PME reconstruction that shows pronounced drowning of the Barn
Island salt marsh during the 18th century, which in turn generates a
RSL history with rapid rise at this time.

5.5. Implications for future applications of proxy datasets to
understanding late Holocene sea-level drivers

Generating proxy RSL reconstructions requires a multitude of
decisions to be made from selecting a site and then a core for
detailed analysis while in the field, to selecting material to date in
the lab, and what type of transfer function (type and modern
training data) or age-depth model to apply. Confidence in the ac-
curacy of late Holocene RSL reconstructions (and by extension in
our understanding of the processes that caused them) is
strengthened when it can be demonstrated that a RSL reconstruc-
tion is not overly sensitive to decisions made in creating the record.
We recommend that the robustness of proxy RSL reconstructions is
tested in two ways. Firstly, a single core can be used to generate
multiple RSL histories by varying the choices made during the
reconstruction, such as comparing PME estimates from transfer
functions trained on local and regional-scale modern training sets
(e.g., Garrett et al., 2022). Secondly, generating RSL reconstructions
from nearby sites where there is no a priori reason to expect spatial
variability offers an opportunity to examine within-region



Fig. 12. Components of the relative sea-level reconstruction from Barn Island, CT (Gehrels et al., 2020). (A) Age-depth model. Some shallow radiocarbon dates were calibrated using
the bombspike curve. Radiocarbon dates presented as pooled means represent age determinations from two or three sub samples of a single plant fragment that were combined
prior to calibration. Shaded vertical envelope marks the 18th century. The age-depth model generated by Gehrels et al. (2020) is presented and excluded two dated depths (labelled)
as outliers. (B) Relative abundance of the three most abundant taxa of foramininfera; samples below 50 cm yielded only sparse foraminifera. (C) Paleomarsh elevation (PME)
reconstructed by weighted averaging partial least squares (WA-PLS) transfer functions trained on two modern datasets. Gehrels et al. (2020) used 80 samples from four sites and the
other model utilized a dataset of 315 samples from 17 sites. The approximate change in marsh surface elevation (expressed in absolute terms and as a percentage of great diurnal
tidal range; shaded bars) is presented for both models over the entire record and during the 18th century specifically. MTL = Mean Tide Level, MHHW = Mean Higher High Water,
HAT = Highest Astronomical Tide
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replication and to understand the spatial scales represented by any
single record.
6. Conclusions

The northeastern United States and CanadianMaritimes contain
the densest network of near-continuous late Holocene (last ~3000
years) RSL reconstructions and this region has been used to
investigate the drivers of RSL change over this time. Yet studies
invoking regional drivers of RSL change rarely evaluate if individual
records (which are inherently local) or features in them identified
by statistical models are reproducible among sites within a region.
To address this, we reconstructed ~3000 years of RSL change at Fox
Hill Marsh in Rhode Island using foraminifera and d13C signatures
contained within a core of salt-marsh sediment. We constrained
the chronology of the core using radiocarbon dating of plant
macrofossils and recognition of pollution horizons of known age
and origin. Since ~1200 BCE, RSL rose by ~3.7 m at Fox Hill Marsh.
After correction for GIA, the maximum rate of rise was
1.71 ± 0.84 mm/yr (95% credible interval) in 2020 CE; a century-
scale rate of rise unsurpassed in at least the previous 3000 years.

We investigated if an 18th-century hotspot of accelerated sea-
level rise occurred in the northeastern United States by
comparing eight proxy records from southern New Jersey to Nova
Scotia. By examining an expanded and updated set of proxy RSL
reconstructions, we proposed that there was not an 18th century
hotspot of sea-level rise in the study region. Sites that show some
evidence for faster rates of rise during the 18th century are likely
influenced by local-scale factors, or reflect the impact of decisions
19
made in generating the record. We made recommendations for
future proxy-based RSL analyses that seek to identify regional
trends in sea level prior to the instrumental record.
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