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New York City is at risk from 21st century relative sea-level rise because it
is likely to experience a regional trend that exceeds the global mean and
has high concentrations of low-lying infrastructure and socio economic
activity. To provide a long-term context for anticipated future trends, we
reconstructed relative sea-level change during the past ~1500 years using
a sediment core from a salt marsh at Pelham Bay in The

Bronx. Foraminifera and bulk sediment 813C values were used as sea
level indicators, while the history of sediment accumulation was
established by radiocarbon dating of plant macrofossils and recognition of
pollution and land-use trends of known age in down-core elemental,
isotopic, and pollen profiles. The reconstruction was generated within a
Bayesian hierarchical model comprised of three modules (calibration,
chronology, and process) to accommodate multiple proxies and to provide
a unified statistical framework for quantifying uncertainty. We show that
relative sea level in New York City rose by ~1.70 m since ~575 CE, of
which ~0.38 m occurred after 1850 CE. The rate of relative sea level rise
increased markedly between 1852 CE and 1911 CE, which coincides with
other reconstructions along the U.S. Atlantic coast. A regional tidal model
was used to investigate the possible influence of tidal-range change in
Long Island Sound on our reconstruction and we demonstrate that this
effect was likely small. However, future tidal-range change could
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global mean and has high concentrations of low-lying infrastructure and socio-economic
activity. To provide a long-term context for anticipated future trends, we reconstructed relative
sea-level change during the past ~1500 years using a sediment core from a salt marsh at Pelham
Bay in The Bronx. Foraminifera and bulk-sediment "°C values were used as sea-level
indicators, while the history of sediment accumulation was established by radiocarbon
dating of plant macrofossils and recognition of pollution and land-use trends of known age in
down-core elemental, isotopic, and pollen profiles. The reconstruction was generated within a
Bayesian hierarchical model comprised of three modules (calibration, chronology, and process)
to accommodate multiple proxies and to provide a unified statistical framework for quantifying
uncertainty. We show that relative sea level in New York City rose by ~1.70 m since ~575 CE,
of which ~0.38 m occurred after 1850 CE. The rate of relative

sea-level rise increased markedly between 1852 CE and 1911 CE, which coincides with other
reconstructions along the U.S. Atlantic coast. A regional tidal model was used to investigate the
possible influence of tidal-range change in Long Island Sound on our reconstruction and we
demonstrate that this effect was likely small. However, future tidal-range change could
exacerbate the impacts of RSL rise in communities bordering Long Island Sound. The current
rate of RSL rise is the fastest that New York City has experienced for more than 1500 years and
its ongoing acceleration suggests that projections of 21 century local relative sea-level rise will

be realized.
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SL) rise is one of the most challenging consequences of climate change and its impact will
strongest where (1) local RSL rise exceeds the global average; (2) high concentrations of socio-
economic activity and infrastructure are located in low-lying coastal areas; and/or (3) coastal
planners and government agencies lack the socio-economic or physical resources that are
necessary for effective management and mitigation (e.g., Wong et al., 2014; Nurse et al., 2014).
During the 21% century New York City will experience RSL rise greater and faster than the
global average (e.g., Horton et al., 2015; Miller et al., 2013; Kopp et al., 2014) because of
contributions from ongoing glacio-isostatic adjustment (GIA; e.g., Peltier, 2004; Davis and
Mitrovica, 1996), changing patterns of ocean circulation (e.g. Yin et al., 2009; Levermann et al.,
2005), and the fingerprint of Antarctic ice melt (e.g., Gomez et al., 2010; Mitrovica et al., 2009).
Consequently, RSL rise in New York City may exceed the global average by as much as 32% at
the end of this century (e.g., Miller et al., 2013; Kopp et al., 2014; Horton et al., 2015).
Furthermore, the intense concentration of population, public and private infrastructure, cultural
resources, and economic activity in New York City places it at high risk to RSL rise.
Approximately $25.9 bn of property, 93,000 people, seven hospitals, and 183 hazardous waste
sites within New York City lie below the Miller et al. (2013) central projection of 0.96 m of local
RSL rise by 2100 CE (Surging Seas Project;

http://sealevel.climatecentral.org/).

Proxy reconstructions of Common Era (past ~2000 years) RSL trends help frame how

anomalous current rates of rise are and provide a paleo constraint for calibrating and testing

http://mc.manuscriptcentral.com/holocene
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-scale
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salt-
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sediment in which proxies for tidal elevation (termed sea-level indicators) such as foraminifera
and plants are preserved (e.g., Kemp et al., 2013a; Gehrels et al., 2005; Donnelly et al., 2004;
Kemp et al., 2015). Efforts to reconstruct Common Era RSL usually focus on rural sites because
of widespread disturbance and loss of urban saltmarshes. Therefore, existing proxy RSL
reconstructions may not reflect trends in the urban centers that are most vulnerable areas to the
socio-economic impacts of RSL rise. We address this issue by reconstructing RSL change during
the past ~1500 years in New York City using foraminifera and bulk-sediment 8'°C values in

a dated core of salt-marsh sediment from Pelham Bay (The Bronx; Long Island Sound). The
reconstruction was produced using a Bayesian hierarchical model that formally accommodates
two independent sea-level indicators and provides a unified statistical framework for quantifying
uncertainty at all stages of the RSL reconstruction including the identification of temporal trends.
Due to tidal resonance, changes in the depth of Long Island Sound (e.g. due to RSL rise) cause
non-stationary tidal conditions (e.g., Wong, 1990). To assess the possible effect of tidal-range
change on our RSL reconstruction, we used archival data (Talke and Jay, 2013) and numerical
modeling (Orton et al., 2012) to estimate the influence of increasing depth on tidal range. We
conclude that our initial assumption of a constant tidal regime during the past 1500 years is
reasonable. In New York City, RSL rose by ~1.70 m since ~575 CE and a continuous
acceleration since ~1600 CE means that the current rate of rise is the fastest for more than 1500
years. Our results indicate that recent projections of 21*-century rise requiring accelerated rise

are likely to be realized.
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and around New York City decreased rapidly (by ~80%) as the city expanded and coastal
wetlands were drained and filled (e.g., Gornitz et al., 2001; Hartig et al., 2002). Along the
Hutchinson River in The Bronx, ~0.79 km? of salt marsh remains in Pelham Bay Park (Figure 1)
and is managed by the New York City Department of Parks & Recreation. The modern salt
marsh is experiencing erosion, resulting in a large, unvegetated tidal flat that is characterized by
grey, clastic sediment and the presence of marine mollusks. Low salt-marsh zones vegetated by
Spartina alterniflora are rare at Pelham Bay because of a pronounced (~1 m high), erosional step
change in elevation that separates the tidal flat from the high salt-marsh platform. This high salt-
marsh zone is vegetated by a peat-forming community of Spartina patens and Distichlis spicata
and is typical of high salt-marsh ecosystems in the northeastern United States that exist between
approximately mean high water (MHW) and mean higher high water MHHW; e.g., van de
Plassche, 1991; Redfield, 1972; Johnson and York, 1915). Atthe boundary between the salt
marsh and surrounding, upland forest is a narrow vegetative zone dominated by Phragmites
australis. This zone is found above the MHHW tidal datum. Peat forming in this environment is
typically a black, amorphous organic matrix that hosts the rhizomes of Phragmites australis
plants (e.g., Niering et al., 1977). Through time these rhizomes are commonly flattened and
degraded, resulting in a homogenized peat. The halotype of Phragmites found on and around
modern salt marshes in the northeastern United States is invasive, although native haloptypes
existed prior to European colonization in this region (Saltonstall, 2002). Elsewhere this
uppermost zone of marine influence may also be occupied by Schoeneplectus spp., Typha spp.,
and/or lva fructescens. We estimated the great diurnal tidal range (mean lower low water,

MLLW to MHHW) at the site to be 2.44 m using the VDatum

http://mc.manuscriptcentral.com/holocene
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New Rochelle (2.41 m) and Kings Point (2.38 m) tide gauges (Figure 1). This tidal range is
greater than at The Battery (1.54 m) because of the tidal amplification of semi-diurnal tides in the
western part of Long Island Sound (e.g., Wong, 1990). We later investigate whether RSL
changes may have amplified tidal range over time. Historical tidal-range change was estimated
using the Willets Point tide gauge (NOAA gauge 8516990; 1931-2000) and one year of hourly
tide-gauge data measured in 1892 by the U.S. Coast and Geodetic Survey at Willets Point (Talke
and Jay, 2013). Within New York City, tide gauges at The Battery, Willets Point, Kings Point
and New Rochelle (Figure 1) measured the same RSL variability during the 20™ century (Figure
2), indicating that annual to multi decadal-scale sea-level trends are geographically consistent
between New York

Harbor and Long Island Sound.

3. METHODS

3.1 Core collection and leveling
The sediment beneath the Pelham Bay salt marsh was described from hand-driven cores
collected along two transects (Figure 1C, D). Core PBA-4 was selected for detailed analysis
because it included the thickest accumulation of peat and was therefore anticipated to provide the
longest RSL record and adequate material for radiocarbon dating. We consider PBA-4 to be
representative of the stratigraphy underlying the site and its paleoenvironmental history, including
RSL changes. The core was collected in overlapping 50-cm long sections using a

Russian core to avoid compaction or contamination during sampling. Each core segment was

http://mc.manuscriptcentral.com/holocene



_, PO oOO~NO O WN B

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

58
59

HOLOCENE

http://mc.manuscriptcentral.com/holocene

Page 8 of 80



go

eve, labeled, wrapped in plastic, and stored in refrigerated conditions prior to laboratory

analysis.

Core top elevations were measured by leveling them to a local benchmark using a TopCon
GPT-3200NW total station (vertical accuracy of 2 mm + 2 ppm). The benchmark elevation was
established relative to the North American Vertical Datum of 1988 (NAVDS88) using real time
kinematic satellite navigation measurements by a professional surveyor. We deployed an
automatic water-level logger (Solinst® Levelogger Edge) at Pelham Bay (Figure 1) and also
leveled it to the benchmark. The logger measured water levels at six minute intervals (the same
as those made at NOAA tide gauges) for 252 tidal cycles between 25 July and 12 December
2012. After correcting the water-level measurements for variations in atmospheric pressure
measured simultaneously by a second logger, high tides and low tides at Pelham Bay were
isolated from the water-level logger dataset. To account for the relatively short duration of
water-level measurements at Pelham Bay, we correlated local high tides with those recorded by
the nearby (~8 km) NOAA-operated tide gauge at Kings Point (station number 8516945). The
relationship between Pelham Bay and Kings Point (R* = 0.95; Figure 2B) was used to generate a
dataset of high tides at Pelham Bay from when the Kings Point tide gauge became operational
(1999) to the year of core collection (2012). Tidal datums at Pelham Bay were estimated from

this dataset.

3.2 Sea-level indicators

Studies of modern salt-marsh (and mangrove swamp) foraminifera at locations around the world

repeatedly demonstrated that they have a systematic, quantifiable and predictable relationship to

http://mc.manuscriptcentral.com/holocene
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tidal
elevati
on
makin
g them
sea-
level
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ors
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Scott
and
Medio
1i,
1978;
Edwar
ds and
Wrigh
t,
2015;
Gehrel
S,
2000;
Horto

n and

EQIWEII‘

ds, 2006). The use of foraminifera as sea-level indicators is grounded in reasoning by analogy,
where assemblages preserved in cores of

salt-marsh sediment are interpreted by comparison to modern assemblages. This approach relies
on the availability of an appropriate modern training set comprised of paired observations of tidal
elevation and species abundances. Since the composition of foraminiferal assemblages varies
spatially in response to secondary environmental variables such as salinity and climate, it is
necessary to use a suitable local- or regional-scale training set (Horton and Edwards, 2005;
Kemp et al., 2013b). Objective interpretations can be made using a transfer function to formalize
the relationship between foraminifera and tidal elevation using empirical observations (e.g.,
Kemp and Telford, 2015). A variety of specific numerical methods are available to construct
transfer functions (e.g., Juggins and Birks, 2012). This approach can resolve late Holocene RSL
changes on the order of 1-10s of centimeters where suitable sequences of salt-marsh sediment
exist (see, for example, reviews in Barlow et al., 2013; Gehrels and Woodworth, 2012). The
surface distribution of dead, salt-marsh foraminifera at 12 sites on the north coast of Long Island
Sound (including Pelham Bay) was described by Kemp et al. (2015) based on original and
existing data (Edwards et al., 2004; Gehrels and van de Plassche, 1999; Wright et al., 2011).
This regional-scale dataset of 254 samples provided the modern training set necessary to
estimate paleomarsh elevation (PME), defined as the tidal elevation at which assemblages
preserved in PBA-4 were originally deposited. Due to differences in the tidal range among sites,
sample elevations in the modern training set were expressed as a standardized water level index
(SWLI; e.g., Horton and Edwards, 2006), where a value of 100 corresponds to local MHHW and

a value of 0 corresponds to local mean tide level (MTL).

http://mc.manuscriptcentral.com/holocene
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go

d from 1-cm thick samples of core PBA-4 that were spaced every 2 cm to a depth of 1.60 m.
Each sediment sample was washed over 63 pm and 500 pm sieves to separate and retain the
foraminifera-bearing fraction. A minimum of 100 specimens suspended in water were counted
under a binocular microscope. If fewer than 100 tests were present, the entire sample was
counted. Species were identified by comparison to type slides of modern specimens. To ensure
consistency with the modern training set, Trochammina inflata and Siphotrochammina lobata
were combined into a single group prior to analysis (Wright et al., 2011). Down-core counts of

foraminifera are presented in the supporting appendix.

The dominant source of organic material deposited on salt marshes in the northeastern U.S. is
in-situ above and below ground biomass from plants (e.g., Chmura and Aharon, 1995;
Middleburg et al., 1997). The ratio of stable carbon isotopes (5'°C) in bulk sediment therefore
reflects the dominant vegetation community at the time of deposition and can be used to verify or
constrain estimates of PME made by transfer functions because plant communities on salt
marshes are also sea-level indicators (e.g., Johnson et al., 2007; Kemp et al., 2012b; Waller, 2015;
Shennan, 1986). On the U.S. mid-Atlantic and northeast coasts the MHHW tidal datum is the
boundary between communities of salt-marsh plants dominated by Cs (e.g., Phragmites australis)
and C4 (e.g., Spartina patens and Distichlis spicata) species (e.g., Kemp et al., 2012b; Middleburg
et al., 1997). The difference in carbon isotope signatures between Cz and Cs plants is
considerably larger than within-group variability and is therefore easily detectable (e.g.,

Peterson et al., 1985; Lamb et al., 2006; Tanner et al., 2007; Nydick et al., 1995). Consequently,

an empirical dataset from a site in New Jersey with the same zonation of salt-marsh plants as

http://mc.manuscriptcentral.com/holocene
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%o relative to the Pee Dee Belemnite (PDB) standard, while samples that formed above MHHW

have 8'"°C measurements that are more depleted than -22.0 % (Kemp et al., 2012b). We used
these threshold values to identify intervals in core PBA-4 that were likely to have accumulated
above or below the MHHW tidal datum following Cahill et al. (2016). We anticipate that local
variability in threshold values is considerably smaller than the difference between bulk-
sediment values from environments dominated by C3 and C4 plants (compare for example
Tanner et al., 2007; Johnson et al., 2007; Middleburg et al., 1997; Kemp et al., 2012b). Rather
than apply threshold values to individual samples in isolation, we divided the core into sections
characterized by persistent 8'°C values.

This conservative approach further serves to dampen any potential influence of local-scale
variability in threshold values. We measured 8'"°C and total organic content (TOC) on
undifferentiated (bulk), 1-cm thick sediment samples from core PBA-4 using standard methods
at the Yale University Analytical and Stable Isotope Center (tabulated data are provided in the

supporting appendix).

3.3 Age-depth markers

Discrete depths in PBA-4 were assigned ages using either radiocarbon dating of macrofossils
(pre-1600 CE) or recognition of anthropogenic markers of known age (post-1600 CE). The
macrofossils used for radiocarbon dating were isolated from the sediment matrix, washed with
deionized water, and identified using a reference collection of modern salt-marsh plants and

illustrated texts (e.g., Niering et al., 1977). Each sample was further cleaned under a binocular

http://mc.manuscriptcentral.com/holocene
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60

were submitted to the National Ocean Sciences Accelerator Mass Spectrometry (NOSAMS)
laboratory for radiocarbon dating where they underwent standard acid-base-acid pretreatment.

Sample 5"°C was measured on an aliquot of CO; collected during

combustion. The radiocarbon ages reported by NOSAMS are presented in Table 1.

A plateau in the radiocarbon calibration curve results in multiple calibrated ages and large
chronological uncertainty for samples that formed since ~1600 CE (Stuiver and Pearson, 1993).
To address this limitation, we dated the more recently-deposited portion of PBA-4 by
recognizing pollution and land-use trends of known age in down core profiles of elemental and
isotopic abundance and pollen. We measured the concentrations of a suite of elements and lead
isotopes on 1-cm thick, bulk-sediment samples using the methods and instruments described in
Vane et al. (2011). The activity of '*’Cs was measured by gamma spectroscopy at Yale
University using standard methods (e.g., Anisfeld et al., 1999). Samples for pollen analysis were
prepared following the method outlined in Traverse (2007) and a minimum of 300 pollen grains
were counted from each sample. Tabulated elemental measurements, isotopic measurements and

pollen counts are presented in the supporting appendix.

Down core changes in elemental and isotopic concentrations were matched to local and regional
pollution patterns of known age to estimate the age of specific depths in PBA-4. We assumed
that industrial emissions were transported from their source by constant prevailing winds and

without further isotopic fractionation (e.g., Gobeil et al., 2013; Lima et al., 2005; Chillrud et al.,

13
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1999;
Kemp
etal.,,
2012a
).
Since
the
core
site is
locate
dina
high
salt-
marsh
enviro
nment,
our
interpr
etation
of
eleme
ntal
and
isotopi
c

Bpoﬁle

s assumes that pollution was delivered through direct deposition from the atmosphere and/or
supplied by tidal water that was representative of regional pollution trends (e.g., Marshall, 2015;
Varekamp, 1991; Cochran et al., 1998).

However, this assumption may be invalidated in the case of localized pollution events such as
spills. Since emissions/discharge per unit of production likely changed through time, recognition
of chronohorizons was based on trends rather than absolute values. All age markers were
assigned an age and depth uncertainty to reflect the lag time between emission/discharge and
deposition and the range of possible depths in the core that correspond to an individual trend.
This approach yielded a suite of age-depth estimates (with individual vertical and temporal

uncertainties), all of which were retained in the age-depth model (section 3.4).

3.4 The Bayesian hierarchical model
We reconstructed RSL using the Bayesian hierarchical model of Cahill et al. (2016) . The model
is comprised of three, linked modules that were implemented separately, but share a unified

numerical framework to provide consistency and appropriate propagation of uncertainty.

() In the calibration module, we developed a Bayesian transfer function (B-TF) to formalize
the observed relationship between modern assemblages of foraminifera (expressed as raw
counts) and tidal elevation (expressed as a SWLI) using the regional dataset of 254
samples from 12 sites around Long Island Sound. The B-TF of Cahill et al. (2016)
assumes a multinomial model for foraminiferal assemblages, and uses a set of penalized

spline smoothing functions (Lang and Brezger, 2004) to describe the non-linear response
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pecies to tidal elevation. The parameters that describe each species response curve were
estimated from the modern training set. Application of the B-TF to assemblages of
foraminifera preserved in PBA-4 generated posterior estimates of PME with a 2o, sample-
specific uncertainty. When applied to core samples, the B-TF requires a prior
specification for PME, which can be informed by the modern training data. In this study,
the organic nature of the core sediment and presence of foraminifera indicated that all
samples accumulated above MTL (SWLI = 0), but below the highest occurrence of
foraminifera in the regional modern training set (SWLI = 154, rounded up to 155). Hence,

the prior favors values between 0-155 SWLI.

Within the B-TF, measurements of 8"°C provided an additional, formalized constraint on
PME. Intervals in the core where §'"°C values were more depleted than -22.0 %o were
assumed to form at elevations between MHHW and the highest occurrence of
foraminifera in the modern training set (SWLI = 100-155). For intervals where 8'°C
values were less depleted than -18.9 %o, we assumed that samples formed between MTL
and MHHW (SWLI = 0-100). These additional constraints were not treated
deterministically, but rather serve to reduce or increase the likelihood that PME lies
above or below the thresholds. Parts of the core where bulk-sediment samples
predominately had intermediate (-22.0 %o to -18.9 %), or variable, 8"°C values were not
subject to any additional constraint (SWLI = 0-155). The height of RSL (rounded to the
nearest centimeter) was reconstructed by subtracting the PME estimated by the B-TF
from the measured altitude of the sample (depth in core, where the core top was leveled to

local tidal datums) under an initial assumption that the tidal regime at Pelham Bay was
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the resulting probability distributions. Chronohorizons identified from pollution and pollen
trends were assigned a uniform probability within their stated age uncertainty. The Bchron
model does not impose a pattern of sedimentation (linear or otherwise), but rather generated a
large suite of equi-probable chronologies for PBA-4 using Markov Chain Monte Carlo
simulation. From these possible chronologies, Bchron estimated the age of each 1-cm thick
layer. We present and discuss the mean and 95% credible interval; all age estimates are
rounded to the nearest whole year. Each sample with a valid PME reconstruction was an
assigned the corresponding age (with uncertainty) from the Bchron age-depth model. In
addition, we used the suite of possible chronologies generated by Bchron to provide a
probabilistic history of sediment accumulation, in which mean annual sedimentation is
estimated with uncertainty (reported as the 90% credible interval, expressed in mm/yr and

rounded to one decimal place).

(3) The process module was an Errors-In-Variables Integrated Gaussian Process (EIV-IGP)

model for estimating rates of sea-level change through time with uncertainty (Cahill et al.,
2015a). This model accounts for the unique combination of age and vertical uncertainties
(and their probability distributions) in each data point and their uneven spacing through time
to estimate a continuous time series of RSL and rates of RSL change. We combined the new,
proxy-based RSL reconstruction from Pelham Bay with decadal average tide-gauge
measurements from The Battery to produce a RSL history for New York City. The EIV-IGP
model was applied to this dataset. To complement results from the EIV-IGP model, we also
used change-point analysis (Carlin et al., 1992; Cahill et al., 2015b) to objectively identify

distinctive phases of RSL change in New York City. This approach models the RSL
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nts. The number and timing of change points is estimated quantitatively and with
uncertainty from the RSL data. Deviance information criterion (Spiegelhalter et al., 2002)
combined with parameter convergence checks were used to detect the appropriate number of

change points.

4. RESULTS
4.1 Performance of the Bayesian transfer function
We judged the performance of the B-TF using cross validation of the modern training set
(section 3.4). For 221 of the 254 samples, the elevation measured at the time of sample
collection falls within the 95% credible interval of the elevation predicted by the B-TF (Figure
3A). The average difference between actual and mean predicted elevation was 5 SWLI
(approximately 0.06 m at Pelham Bay). No visible structure (trends between residual values and
actual elevation) was observed in these residuals, indicating that the B-TF did not systematically
over or under predict PME and can accurately reconstruct PME across the sampled range of tidal

elevations (Figure 3B).

4.2 Sea-level indicators in Pelham Bay core 4

Core PBA-4 comprised four distinct units of sediment. The basal unit is blue-brown sand and silt
that we consider to be an incompressible, pre-Holocene substrate of glacial origin. At salt
marshes along the northeastern U.S. Atlantic coast, the boundary between glacial substrate and
overlying organic units almost always represents a hiatus of non-deposition and/or erosion
spanning several thousand years (e.g., Donnelly, 2006; Nydick et al., 1995; van de Plassche,

1991; Gehrels, 1994; Donnelly and Bertness, 2001). At Pelham Bay the pre-Holocene substrate
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go

rganic silt with measured TOC content of <6% (Figure 4A). At depths from approximately 160
cm to 55 cm, the sediment was comprised of relatively dry black peat. In the lower part of this
third unit only the remains of Phragmites australis were identified, while in the upper part the
remains of Spartina patens and Distichlis spicata were increasingly present. The average TOC
content of this unit was 34% and reached a maximum of 45.7%. The upper 55 cm of the core
was characterized by a brown, high salt-marsh peat with abundant remains of Spartina patens
and Distichlis spicata. The average TOC content of this unit was 23.6%. The boundary between
these contrasting units of peat was not erosive and did not indicate a hiatus in sedimentation at
any location where we described cores. The transition seenin  plant macrofossils from
Phragmites australis to Spartina patens and Distichlis spicata and reduced TOC values indicates
a long-term RSL transgression at Pelham Bay. Measured TOC values are typical of modern and
late Holocene high salt-marsh environments in the study region (e.g., Bricker-Urso et al., 1989;

Nydick et al., 1995; Morris et al., 2016).

In PBA-4, foraminifera were absent at depths below 160 cm in the basal sand and silt and in the
lowermost part of the brown, organic silt unit (Figure 4B). Between 160 cm and 40 cm the
dominant species of foraminifera was Jadammina macrescens (average 81.7%). At depths above
40 cm, there was an increase in the abundance of Trochammina inflata and Siphotrochammina
lobata (average 40.8% when combined) with a corresponding decline in the abundance of
Jadammina macrescens. The average abundance of Tiphotrocha comprimata was 18.7% at
depths above 64 cm compared to 4.4% below. These species of foraminifera are typical of
peat-forming, high salt-marsh environments in the northeastern United States (e.g., Kemp et al.,

2015; Gehrels, 1994; Wright et al., 2011) and maritime Canada (e.g., Scott and Medioli, 1980;
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Scott
etal.,
1981;
Wrigh
tetal.,
2011).
Six
sampl
es (out
of 85)
in the
core
yielde
d
counts
of
fewer
than
50
indivi
duals
(at
100
cm,
102
&fh,

154 cm, 156 cm, 158 cm and 160 cm) and were excluded from further analysis. Four of the

remaining samples had counts from 66 to 99 individual foraminifera.

Bulk-sediment §"°C values below 130 cm in PBA-4 were typical of C; plants (average -27.1 %o)
and were more depleted than the threshold (-22.0 %o) used to identify sediment that accumulated
above MHHW (Figure 4C). The interval between 130 cm and 67 cm was characterized by
variable 8"°C values that ranged from -23.3 %o to -15.1 %o. In the uppermost 63 cm of PBA-4,
the average 8'°C value was -15.7 %o and all samples were less depleted than the threshold

of -18.9 %o used to identify samples that accumulated below MHHW, with the exception of two
samples (at 1 cm and 4 cm) with intermediate values between those typical of C3 and C4

vegetation.

4.3 Application of a Bayesian transfer function to reconstruct paleomarsh elevation

Application of the B-TF to assemblages of foraminifera enumerated from PBA-4 produced
reconstructions of PME with a 26, sample-specific uncertainty (Figure 4D). PME estimates
were constrained using 8"°C values to identify intervals where there was high likelihood that the
sediment accumulated between MHHW and the highest occurrence of foraminifera (100-155
SWLI; below 127 cm in PBA-4), or between MTL and MHHW (0-100 SWLI; 7-67 cm in
PBA-4). The measured 8'°C values between 126 cm and 68 cm and above 6 cm did not provide
any additional information to constrain the PME reconstruction. Below 127 cm the average

reconstructed PME lay slightly above MHHW (115 SWLI) and had an average, 2 uncertainty of
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reconstructed PME was more variable (means from 94.9 to 143.0 SWLI) and had larger average
uncertainties (£ 22.5 SWLI) than the underlying part of the core because intermediate 8'°C
values did not provide an additional constraint on the reconstruction. Samples from 66 cm to 6
cm yielded average PME reconstructions of 89.7 SWLI with an average uncertainty of = 9.0

SWLI, although the uncertainty for some samples was as low as + 5.5 SWLIL.

The ecological plausibility of reconstructed PME was judged by measuring dissimilarity between
the assemblage of foraminifera in each core sample and its closest modern analog (section 3.4;
Figure 4E). The closest modern analogs for the 79 samples in PBA-4 with counts exceeding 50
individuals were drawn from ten of the 12 sites in the regional-scale modern training set. Four
core samples lacked a modern analog. The samples at 62 cm, 72 cm, and 76 cm had unusually
high abundances of Miliammina petila (11-21%) compared to the modern training set in which
this species had a maximum abundance of 6.3%. A similar study in New Jersey also recognized
that relatively high abundances of Miliammina petila in core material resulted in no modern
analogue outcomes (Kemp et al., 2013a). Finding the modern analogue to this assemblage
would therefore be useful to support efforts to reconstruct RSL. The sample at 155 cm included
19% Tiphotrocha comprimata and 78% Jadammina macrescens. It likely lacked a modern
analogue because the high concentration of samples close to MHHW (Figure 3) coupled with the
low-diversity of foraminiferal assemblages in the modern training set resulted in a high degree of
similarity among modern samples and consequently a low value for the 20™ percentile
dissimilarity threshold. This was highlighted as a possible limitation of this approach for

assessing ecological plausibility by Kemp and Telford (2015).
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concent
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and
vanadiu
m, the
ratio of

stable

lead
60

isotopes (**°Pb:*"’Pb), and measured "*’Cs activity (Figure 5A). The late 19" century onset of
regional-scale lead pollution was obscured in PBA-4 by a pronounced peak in concentration at
50-60 cm that we interpreted as a local event of unknown provenance, since it was not present at
locations in New Jersey (Kemp et al., 2012a), Connecticut (Kemp et al., 2015; Varekamp, 1991;
Varekamp et al., 2005), or elsewhere in New York City (Chillrud et al., 1999). Based on its
estimated timing (~1730 CE to ~1830 CE) possible sources include tanneries, which were
common in New York City during this interval (Burrows and Wallace, 1999) and frequently
produce waste that includes high concentrations of metals including lead (e.g., Haroun et al.,
2007; Walraven et al., 1997). A small peak in lead concentration at ~39 cm was interpreted as
the expansion of production and consumption following World War I, while a decline at ~27 cm
corresponds to reduced industrial production (and consequently pollution) during the Great
Depression. The peak in lead concentration at ~11 cm marks the introduction of the Clean Air
Act and was assigned an age of 1974 CE. National production records indicate that the onset of
copper pollution occurred at ~1900 CE, which is recorded in PBA-4 at ~33 cm. Maximum
copper concentration occurred at depths between approximately 10 cm and 20 cm, which
correspond to peaks in national production and consumption at ~1970 CE. Sedimentary records
from nearby salt marshes in Connecticut confirm the presence and timing of these features in the
study region (Varekamp et al., 2005; Varekamp, 1991). A peak in Vanadium concentration at

~11 cm was assigned an age of ~1970
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ional-scale decline in fuel oil use (Chillrud et al., 1999; Kamenov et al., 2009).

C

B The changing ratio of stable lead isotopes in PBA-4 identified four chronohorizons. The
increased 2°°Pb:*""Pb ratio at ~50 cm reflects the onset of lead production in the Upper Mississippi

r
Valley at ~1827 CE (Doe and Delevaux, 1972; Heyl et al., 1966). The emissions

e

. from this early industrial activity were carried to the Atlantic coast of North America by

| prevailing winds (e.g. Graney et al., 1995; Lima et al., 2005; Gobeil et al., 2013; Kelly et al.,
2009) and caused a change in stable lead isotope ratios because of the unusual composition of the

e
galena ore used at that time (Heyl et al., 1966; Heyl et al., 1974) coupled with low background

c

t concentrations of lead. The peak at ~40 cm in PBA-4 reflects the time (~1857 CE) when the

' Upper Mississippi Valley made its highest proportional contribution to national lead production.

i
A decline in the *°°Pb:**’Pb ratio to a minimum at ~15 cm was caused by the introduction of

n
leaded gasoline (after 1923 CE; Facchetti, 1989) with a low **Pb:**'Pb signature of ~1.165

f (Hurst, 2000). The rise in *’°Pb:**’Pb ratio to a peak at ~5 cm (~1980 CE) was caused by the

X increasing use of lead ore from Missouri in gasoline and the phasing out of all leaded gasoline
(by 1993 CE U.S. lead emissions from gasoline were 1% of those in 1970 CE; Bollhofer and

e

| Rosman, 2001). The first detectable horizon of '*’Cs activity (~11 cm) was assigned an age of
1954 CE, corresponding to the start of widespread, above ground testing of nuclear weapons

’ which peaked in 1963 CE (~7 cm in PBA-4).

c

a

| The location of Pelham Bay within New York City results in the presence of local-scale
pollution markers. According to Walsh et al. (2001), the use of municipal refuse incinerators

t

0

r

e

§0 23
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throug
hout
New
York
City
generat
ed air-
borne
polluti
on that
was
subseq
uently
deposit
ed
directl
y from
the
atmosp
here.
The
dischar
ge
from
these

fi%iner

ators peaked at ~1937 CE and the emitted ash included anomalously high concentrations of
arsenic, cadmium, selenium, tin and nickel compared to the crust. In PBA-4, we identified a
peak in these elements at ~21 cm that likely corresponds to the incineration of refuse (Figure

5B).

Prior to industrialization, anthropogenic modification of the landscape in the northeastern United
States consisted of land clearance to provide raw materials for building and space for grazing and
agriculture (e.g., Brugam, 1978; McAndrews, 1988; Fuller et al., 1998). This activity increased
the amount of pollen from weeds such as Ambrosia and a corresponding decline in native forest
species. In addition, deforestation likely mobilized sediment that was eroded from upland
regions and transported to the coast. According to Kirwan et al. (2011), this process delivered
large quantities of titanium and potassium to coastal marshes. In PBA-4, we identified a land
clearance horizon at ~60 cm from the rise of Ambrosia and Pinus pollen, the decline of Carya
(hickory) pollen, and increased concentrations of titanium and potassium (Figure 5C). The rise of
Plantago and Amaranthaceae also indicates extensive land clearance from this time onward. This
horizon was assigned an age of 1680 CE + 25 years based on the history of settlement in the study

region (e.g., Pederson et al., 2005; Burrows and Wallace, 1999).

All radiocarbon dates and age markers in PBA-4 were combined and used as the input to the
Bchron age-depth model (section 3.4; Figure 5). The average age uncertainty (95% credible
interval) for a 1-cm thick interval of PBA-4 was + 50 years and ranged from = 115 years at 1.14

m to & 3 years at 0.08-0.10 m. Prior to ~1800 CE, the mean annual accumulation rate in PBA-4
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90% credible interval of 0.2 to 2.3 mm/yr (Figure 6A). There was short-lived pulse of
sedimentation at ~1820-1845 CE (up to 2.0 mm/yr). From ~1890 CE onwards, mean annual
sedimentation rates increased sharply to achieve an average 20" century rate of 3.0 mm/yr (90%
credible interval of 0.8-13.0 mm/yr). To provide a direct comparison with Pelham Bay we
reanalyzed sedimentation rates from representative salt marshes in Connecticut (East River
Marsh; Kemp et al., 2015) and southern New Jersey (Cape May Courthouse; Kemp et al., 2013a:
; Figure 6B). In Connecticut, the pre-1800 CE sedimentation rate was ~0.6 mm/yr. A sediment
shortly after 1850 CE was followed by an average 20™ century rate of 1.9 mm/yr (90% credible
interval of 0.5-11.2 mm/yr). In New Jersey, the mean annual, pre-1800 CE sedimentation rate

was 1.0 mm/yr (90% credible interval of 0.3-4.7 mm/yr). A pulse of sedimentation occurred at

~1820-1870 CE and the average rate of sedimentation during the 20™ century was 2.6 mm/yr
(90% credible interval of 0.8-10.7 mm/yr; Figure 6B). This temporal evolution is typical of salt
marshes along the Atlantic coast of North America (e.g., Kemp et al., 2015; Varekamp et al.,
1992; van de Plassche et al., 1998; Donnelly et al., 2004; Nydick et al., 1995; Engelhart et al.,
2009; Kemp et al., 2014; Kemp et al., 2011; Kemp et al., 2013a) where sedimentation rates on
multi-decadal and longer timescales are closely linked to the rate of RSL rise (e.g., Morris et al.,
2002; Kirwan and Murray, 2007; Kirwan and Murray, 2008). The long-lived background rates
of sedimentation reflect RSL rise driven primarily by spatially-variable GIA, while recent rates of
rise occur because of the salt marsh response to accelerated RSL rise beginning in the late 19"
century. For example, at salt marshes on the Connecticut and New York coasts of Long Island
Sound (including a different core from Pelham Bay), Hill and Anisfeld (2015) reported that
regional, decadal-scale sediment accretion rates increased from ~1.0 mm/yr at 1900 CE to

current rates of ~3.6 mm/yr in response to accelerating

27

http://mc.manuscriptcentral.com/holocene



Page 25 of 80
1

2

3 s;1
4

5

6 522
7

8 523
9

}0 524
12

13 525
14

15 526
16

17

18 527
19

20 528
21

22 59
23

24

o5 530
26

27 531
28

29 53
30

31

32 533
33

34 534
35

36
;535
8

39 536

40

41 537

42

43

44 538

45

46 539

47

48 549

49

50

51 541
52

53 542
54

55

- 543
57

60

58
59

HOLOCENE

http://mc.manuscriptcentral.com/holocene

28



conducted in this region (e.g., Harrison and Bloom, 1977; Roman et al., 1997; McCaffery and

Thomson, 1980). We conclude that the history of sediment accumulation estimated for PBA-4

RSL

e is typical of salt marshes in Long Island Sound and that our RSL reconstruction is not a

Sin;il reflection of local and anomalous sediment accumulation arising from its location in an urban
salt marsh.

ar

annua

Lo 4.5 Relative sea-level change at Pelham Bay

decad The new proxy-based RSL reconstruction from Pelham Bay is comprised of 75 data points with

al an average, 26 vertical uncertainty of £ 0.19 m and an average 2c chronological uncertainty of +

rates 50 years (Figure 7A; tabulated in supporting appendix). It shows that RSL rose continuously

of from approximately -1.7 m at 575 CE to 0 m at present. Change point analysis divided the RSL

salt- record into three linear phases separated by significant changes in rate at 1015-1238 CE

marsh (secondary change) and 1852-1911 CE (primary change; Figure 7B). The EIV-IGP model

sedim described the continuous evolution of RSL change and estimated that the rate of RSL rise was

ent ~0.5 mm/yr at 600-1000 CE, increased to a peak of 1.52 mm/yr (1.19-1.85 mm/yr; 95% credible

accret interval) at ~1400 CE, and subsequently slowed to 1.37 mm/yr (1.07-1.67 mm/yr; 95% credible

ion in interval) at ~1630 CE. Since this minimum the rate of RSL rise increased continuously to attain a

the current rate of 2.98 mm/yr (2.13-3.84 mm/yr; 95% credible interval), which is the fastest rate in

>0t the last ~1500 years and in agreement with the average rate measured in New York Harbor from

centur 1900 CE to 2012 CE (2.7-3.3 mm/yr; Kopp, 2013).
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(among the longest and most complete records in the world) measured an average, linear RSL
rise of 2.83 mm/yr between 1856 CE and 2014 CE, including 3.0 £ 0.3 mm/yr from 1900 CE to
2012 CE (Figures 2A and 7C; Kopp, 2013). This instrumental rate of RSL rise exceeds the
long-term (~4000 years before present to 1900 CE) average estimated from compilations of
RSL reconstructions from the Hudson River (1.2 £ 0.1 mm/yr) and Long Island (1.0+0.3
mm/yr) regions that are adjacent to New York City (Engelhart and Horton, 2012; Engelhart et
al., 2011). The similarity between these long-term rates of RSL rise and continuous
measurements made by GPS stations (1.1 + 0.2 mm/yr for Hudson River and 1.0 + 0.2 mm/yr for
Long Island) indicates that late Holocene RSL change was driven primarily by GIA-induced
subsidence (Karegar et al., 2016) . This difference exists at locations with tide-gauge records
and RSL reconstructions along the U.S. Atlantic coast (e.g., Engelhart et al., 2009; Kopp, 2013)

and elsewhere (e.g., Shennan and Woodworth, 1992; Woodworth et al., 2009).

The relatively coarse resolution and fragmentary nature of Holocene sea-level index points (e.g.,
Engelhart and Horton, 2012) prohibits using them to precisely constrain the when modern rates of
RSL rise were initiated. Near-continuous and high-resolution records of RSL change produced
from salt-marsh sediment and spanning the last ~500 years or more provide a means to investigate
when this change in rate began and how its expression varies among regions. Change point
analysis of the Pelham Bay RSL reconstruction shows that the rate of rise increased at 1852-1911
CE (95% credible interval), which is consistent with other salt-marsh reconstructions

from the U.S. Atlantic coast in Florida (1834-1922 CE), North Carolina (1865-1892 CE), New

Jersey (1830-1873 CE), and Connecticut (1850-1886 CE; Figure 7B). Kemp et al. (2015)

31

http://mc.manuscriptcentral.com/holocene



Page 27 of 80

_, PO o0O~NO O WN B

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

58
59

HOLOCENE

http://mc.manuscriptcentral.com/holocene

32



identifi
ed the
comm
on
interva
| for
this
change
in rate
as
1865-
1873
CE
and
showe
d that
the
recent
(last
100-
150
years)
rate of
RSL
rise at

g%ch of

these locations was markedly faster than any century-scale trend reconstructed in the late
Holocene. The Pelham Bay RSL further supports this interpretation. Similarly, the global mean
sea-level reconstruction of Kopp et al. (2016) demonstrated that historic rates of sea-level
rise were initiated around 1860 CE and led to the 20™ century experiencing a faster rise than any
of the preceding 27 centuries. We conclude that the increased rates of RSL rise reconstructed
and observed along the U.S. Atlantic coast are the regional expression of a global sea-level rise
caused primarily by thermal expansion and the melting of mountain glaciers (Church et al.,
2013) in response to warming that began in the

mid-19" century (e.g., Mann et al., 2008).

Prior to the onset of modern rates of sea-level rise in the middle to late 19™ century, the Pelham
Bay RSL reconstruction includes periods when the rate of RSL rise was accelerating
(approximately 800-1400 CE) and decelerating (approximately 1400-1800 CE; Figure 7C). A
reconstruction from Connecticut identified a rate of rise in excess of background GIA at
approximately 500-1100 CE, compared to 100-1000 CE in southern New Jersey and 900-1400
CE in North Carolina. Intervals of RSL rise less than background GIA occurred at approximately
1200-1700 CE in Connecticut, 1000-1600 in New Jersey, and 1400-1800 CE in North Carolina.
In contrast, both of these features were absent in a reconstruction from northeastern Florida
(summarized in figure 8 of Kemp et al., 2015). This spatial pattern of sea-level variability in the
mid-Atlantic and northeastern United States compared to relative stability along the southeastern
coast is characteristic of ocean dynamic effects predicted by models (Levermann et al., 2005;

Yin et al., 2009) and is observed in instrumental data on annual to decadal timescales (Ezer,
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BO

ecifically, accelerating/decelerating sea-level rise at locations north of Cape Hatteras occurs
when the dynamic sea-level gradient sustained by geostrophic flow of the Gulf Stream is
relaxed/enhanced. The Pelham Bay reconstruction indicates that late Holocene rates of RSL
rise varied on century timescales and conform to a broad spatial pattern which suggests that
dynamic ocean circulation was a driver of regional sea-level trends during the past 1500 years.
However, the asynchronous timing of late Holocene trends among sites north of Cape Hatteras

complicates this interpretation and may be the product of local-scale processes at some sites.

5.2 Tidal-range change

The RSL reconstruction from Pelham Bay assumed that no-tidal range change occurred during
the period under consideration (i.e. that the modern, observable tidal range has persisted for at
least the past ~1500 years). Modeling of paleotides on the U.S. Atlantic coast indicates that this
assumption is reasonable at the basin scale since ~7000 years ago (Hill et al., 2011; Griffiths and
Hill, 2015). However, at smaller spatial scales (including Long Island Sound) this assumption
has not been evaluated. To investigate the potential magnitude of tidal-range change at Pelham
Bay, we ran a series of 35-day tidal simulations for Long Island Sound using the Stevens
Institute Estuarine and Coastal Ocean model (sSECOM) on the New York Harbor Observing and
Prediction System (NYHOPS) domain (Georgas and Blumberg, 2009; Georgas et al., 2014;
Orton et al., 2012). Theses simulations included only the astronomical constituents (M2, S2, N2,
K2, K1, Ol1, Q1) and shallow-water, overtide constituents (M4, M6) that are provided to this
model domain as open-boundary conditions at the edge of the continental shelf. In 16 model

runs, we changed RSL in Long Island Sound by 0.25 m increments from -2.5 m (lower than

35

http://mc.manuscriptcentral.com/holocene



Page 29 of 80

_, PO o0O~NO O WN B

613

614

615

616

617

618

619

620

621

622

623

624

625

626

627

628

629

630

631

632

633

634

635

58
59

HOLOCENE

http://mc.manuscriptcentral.com/holocene

36



prese
nt) to

+1.25

(high
er
than
prese
nt)
and
assum
ed
that
these
chang
es
were
not
acco
mpani
ed by
bathy
metri
cor

botto

friction changes from sediment infilling and/or anthropogenic activities (e.g., Brandon et al.,
2016), i.e. the change in RSL is equal to the change in depth.

From each simulation we used the constituent amplitudes and phases (extracted by the Matlab
program t_tide; Pawlowicz et al., 2002; Leffler and Jay, 2009) to construct a full 19-year nodal
cycle tidal prediction dataset at Kings Point from which tidal datums such as MHHW were
calculated. These simulations indicate that there is a strong (r*>0.99), positive and near-linear
relationship between the bathymetric depth of Long Island Sound and the great diurnal tidal
range at Kings Point (Figure 8A). A linear regression between -2.5 m and 0 m relative depth
estimates that great diurnal tidal range increases at ~0.09 m per meter change in depth.
Instrumental measurements at Willets Point show that a ~0.35 m RSL rise since 1892 CE
increased great diurnal tidal range by ~0.05 m, which is broadly comparable with our model
results. Based on model simulations and historic tidal data we infer that RSL rise likely

increased tidal range in Long Island Sound over the last 1500 years.

To estimate the possible impact of tidal-range change on the Pelham Bay RSL reconstruction, we

generated a “base” RSL history (Figure 8B) by assuming that RSL rise since 1850 CE occurred

at 2.84 mm/yr (the linear rate recorded by the Battery tide gauge) compared to 1.2 mm/yr for the

period from ~500 CE to 1850 CE (e.g., Engelhart et al., 2009; Kopp et al., 2014; Karegar et al.,

2016). For each year in this time series we estimated a paleo tidal range at Kings Point from our

simulations. These time-varying tidal statistics were then applied to the PME reconstructions

generated by the Bayesian transfer function (taking the mean, reconstructed sample age as true) to

produce a RSL reconstruction that is adjusted for the effects of non-stationary tides (Figure
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n an average difference between the RSL reconstructions of 0.05 m (up to 0.11 m; Figure 8C),
but does not materially alter the reconstructed RSL trends.

Considering that the average (20) uncertainty in the original RSL reconstruction with stationary
tides was £ 0.19 m, the two RSL reconstructions in Figure 8b are statistically indistinguishable
from one another. Furthermore, the modeled changes in bathymetric depth (and hence changes
to tidal statistics through time) are likely over-estimated because they do not consider
sedimentation and our estimate of tidal-range change is therefore pessimistic. Late Holocene
RSL rise in Long Island Sound was likely accompanied by sediment accretion at rates of up to
~1 mm/yr (e.g., Lewis and Mary, 2000; Varekamp et al., 2000; Kim and Bokuniewicz, 1991;
Benoit et al., 1979; Bokuniewicz et al., 1976), which is sufficient to keep pace with long-term
rates of RSL rise driven by GIA. On recent and shorter timescales, sediment supply to Long
Island Sound probably spiked during regional deforestation (e.g., Kirwan et al., 2011) as
evidenced by an increased rate of sediment accumulation at Pelham Bay from ~1600 CE
onwards (Figure 5D). The rate of RSL since the late 19" century (Figure 7) likely exceeds
sediment supply rates and resulted in depth changes, as indicated by the historical tidal-range
measurements at Willets Point (Figure 8 A). However, other anthropogenic changes such as loss
of wetlands may also be contributing to measured tidal range changes. Therefore, the
non-stationary tide RSL reconstruction (Figure 8B) is an outer bound estimate and the likely
difference between the scenarios is smaller than depicted in Figure 8C. We conclude that the
original reconstruction with stationary tides is representative of long-term, century-scale RSL

trends.
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(Atlantic City and Sandy Hook, NJ; The Battery, NY; New Haven, CT; Figure 8D). These

results show that changing bathymetric depth has little effect on great diurnal tidal range

To
outside of Long Island Sound (with the caveat that we did not consider changes in wetland
ascert
_ area). We therefore conclude that RSL reconstructions from the coast of New Jersey (e.g.,
ain
Kemp et al., 2013a) are unlikely to be distorted by tidal-range change, but that its possible
wheth
effect on records from Long Island Sound (e.g., Donnelly et al., 2004; Nydick et al., 1995;
er
Kemp et al., 2015; van de Plassche et al., 1998) should be evaluated when reconstructing RSL.
other
nearb
5.3 Implications for 21* century sea-level change in New York City
y
locat The amount of RSL rise projected for New York City by 2100 CE exceeds the global mean
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because of local- to regional-scale contributions from ongoing GIA (e.g., Roy and Peltier, 2015),
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the fingerprint of West and East Antarctic ice-sheet melt (e.g., Mitrovica et al., 2009), ocean
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" dynamics (e.g., Ezer et al., 2013; Yin and Goddard, 2013; Levermann et al., 2005), and
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db spatially-variable thermal expansion arising from uneven uptake of heat by the oceans (e.g.,
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" Krasting et al., 2016). Under three climate scenarios, Miller et al. (2013) predicted RSL rise at
chang
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response to such short-lived trends and because the sediment slices used to produce the

reconstruction are time averaged (for example, the average amount of time represented by a
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702

, low-end scenario for 2100 CE the rate of RSL rise in New York City must accelerate during the
21% century. The validity of such RSL projections has been challenged in some quarters because
the fitting of quadratic regressions to individual and compiled tide-gauge records often yields sea-
level accelerations that cannot be distinguished from zero (e.g., Houston and Dean, 2011; Maul,
2015). However, this approach to analyzing tide-gauge records for evidence of an acceleration is
hampered by the length of the available record (or selective use of start date) and the degree to
which a quadratic form is appropriate for describing the sea-level trend under consideration (e.g.,
Rahmstorf and Vermeer, 2011). Haigh etal. (2014) showed that the acceleration of RSL rise at
The Battery was ~0.008 mm/yr” over the period 1856-2009 CE, but was indistinguishable from
zero (i.e. no detectable acceleration) if only data from 1880-2009 CE (for example) were
analyzed. They concluded that individual

tide-gauge records shorter than ~130 years were unlikely to show accelerations because of the
noise introduced by annual to decadal variability. By simulating noisy tide-gauge data to 2100
CE under scenarios of global sea-level rise, they concluded that accelerations in the rate of RSL

rise at specific locations would only become widely detectable in the 2020s or 2030s.

Proxy RSL reconstructions from salt marshes have two distinct advantages over tide gauge
records for detecting accelerations in the rate of RSL rise. Firstly, they do not preserve the
high-resolution (annual to decadal) “noise” that characterizes individual tide-gauge records (and
to a lesser extent global compilations; e.g., Church and White, 2011; Hay et al., 2015) because

biological sea-level proxies such as foraminifera and plants do not achieve an equilibrium

response to such short-lived trends and because the sediment slices used to produce the

reconstruction are time averaged (for example, the average amount of time represented by a
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risk from RSL rise in communities bordering Long Island Sound because the elevation of high

tides will increase more than RSL. For example, at Willet’s Point, the modeled increase in

http://mc.manuscriptcentral.com/holocene

32



I-cm
thick
slice of
PBA-4
is
approxi
mately
one

decade)

Reconst
ructions
of RSL
from

salt
marsh
sedime
nt are
conseq
uently
naturall
y-
Hdtered24
54
E«%cord}szs

59
pleserv

e only multi-decadal trends (e.g., Kemp et al., 2011; Barlow et al., 2013). Secondly, they are
unhindered by the available record length, meaning that it could be possible to detect
accelerating sea-level rise now rather than waiting for additional years of measurements, which
may delay efforts to plan for, or manage the effects of, future sea-level rise. Unlike the
fitting of quadratic or polynomial functions, the EIV-IGP and change-point models that we used
to quantify sea-level trends at Pelham Bay account for temporal and vertical uncertainties and the
uneven distribution of data points through time to provide continuous estimates of rate with
uncertainty (Cahill et al., 2015a). Analysis of the Pelham Bay reconstruction shows that the rate
of RSL rise increased (i.e. sea-level rise accelerated) continually since ~1700 CE due
to natural warming at the end of the Little Ice Age and then from additional forcing by recent
climate change. A similar analysis of global tide-gauge records (Church and White, 2011;
Jevrejeva et al., 2008) also showed acceleration throughout the 20" century (Cahill et al., 2015a: ;
Figure 8A). Contrary to simple analysis of tide-gauge records, we conclude that the significant
acceleration necessary for RSL in New York City to reach the heights projected for 2100 CE and

beyond is already underway.

In contrast to the late Holocene, future RSL rise in New York City is likely to exceed the rate of
sediment accumulation in Long Island Sound and cause an increase in bathymetric depth.
Observational data from Willets Point and our tidal simulations suggest that future deepening of

Long Island Sound will increase tidal range (Figure 8). This change will exacerbate the flood

risk from RSL rise in communities bordering Long Island Sound because the elevation of high

tides will increase more than RSL. For example, at Willet’s Point, the modeled increase in
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60

se of ~1 m (the central projection of Miller et al., 2013), while the increase at New Haven is
~8%. In contrast, the increase at the Battery in New York Harbor is ~3%. Therefore local-
scale planning for 21%-century RSL rise within New York City should include explicit

consideration of tidal-range change which will result in spatially-variable flood risk.

6. CONCLUSIONS

Low-lying areas of New York City are at risk from regional relative sea-level rise that will
exceed the global mean. To understand the late Holocene sea-level history of New York City we
produced a relative sea-level reconstruction using a sediment core collected from an urban salt
marsh in Pelham Bay (The Bronx). Within a Bayesian hierarchical model foraminifera and
bulk-sediment 8'°C values were employed as sea-level indicators and an age-depth model was
generated from a composite of chronology comprised of radiocarbon ages and marker horizons
identified from elemental, isotopic and pollen profiles that reflect pollution and land-use trends
of known age. The resulting reconstruction shows that RSL rose by ~1.70 m since ~575 CE.
Modeling of the relationship between the depth of Long Island Sound and tidal range at Pelham
Bay indicates that paleo tidal-range change is unlikely to have materially affected the new
reconstruction. A pronounced acceleration in the rate of relative sea-level rise began at
1852-1911 CE and is consistent with other reconstructions and measurements made in the
western North Atlantic Ocean. The current rate of rise is the fastest to have occurred for at least
1500 years and the strong acceleration of RSL rise that is necessary to realize projections for

2100 CE is likely underway. Future tidal-range change caused by deepening of Long Island
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4. 8"3C was measured on a CO; aliquot from the combusted sample and is expressed relative to
the Vienna Pee Dee Belemnite (VPDB) standard. All samples underwent standard acid-base-

acid pretreatment prior to radiocarbon measurement by accelerator mass spectrometry.
Table

One:
Radiocar
bon dates
from
Pelham
Bay core
4 (PBA-
4).

Depth | Sample ID Age Age Error o C (%0, | Sample Description
in Core (14C years) (14C years) | VPDB)
(cm)

60 0S-102551 165 25 -13.91 | Distichlis spicata rhizome

70 0OS-108259 380 30 -23.56 | Unidentified rhizome

81 0S-108260 285 25 -25.21 | Phragmites australis stem

95 0S-102552 770 30 -12.92 | Distichlis spicata rhizome

105 OS-115123 695 20 -24.82 | Phragmites australis stem

123 0S-109016 1420 30 -14.19 | Distichlis spicata rhizome

127 OS-115122 1120 15 -13.45 | Distichlis spicata rhizome

137 0S-102598 1180 35 -25.50 | Acorn cupule

155 0S-102553 1560 25 -28.43 | Phragmites australis stem

161 0S-102554 1630 35 -27.92 | Small piece of wood

Radio
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FIGUR

CAPTI
ONS

the Pelham Bay study site in The Bronx, New York City (NYC) and National Oceanic and
Atmospheric Administration (NOAA) tide gauges (numbered blue circles in panel A). The inset
in panel A shows the location of NYC and other proxy relative sea-level reconstructions
(Connecticut, New Jersey, North Carolina and Florida) on the U.S.

Atlantic coast. (D) Sediment beneath the Pelham Bay salt marsh described from cores recovered
along two transects (A-A’ and B-B’). Core number 4 (PBA-4) was selected for detailed analysis
because it included the thickest sequence of peat and was representative of the stratigraphy at the

site.

Figure 2: (A) Relative sea level measured by tide gauges in New York City. Annual data from
The Battery, Willets Point and New Rochelle up to and including 2014 were downloaded from
the Permanent Service for Mean Sea Level. The Battery is located at the southern tip of
Manhattan and measures RSL in New York Harbor. The instruments at Willets Point and New
Rochelle record RSL in Long Island Sound. Average RSL over the period 1960-1969 CE is the
reference period for each tide gauge series. Monthly data (January 1999 to December 2014) for
Kings Point were downloaded from the National Ocean and Atmospheric Administration and
used to generate annual averages that in turn were referenced the RSL at The Battery. (B)
Correlation between tides measured at the Pelham Bay field site using an automated water logger
(relative to the North American Vertical Datum of 1988; NAVD88) and those measured by the
NOAA-operated tide gauge at Kings Point with respect to local mean higher high water

(MHHW). At Willets Point MHHW lies 1.13 m above NAVDSS.
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Figur
e3:
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The

moder

traini
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ffhs

comprised of 254 samples from 12 salt marshes (including Pelham Bay) on the Long Island
Sound coast of New York and Connecticut. (A) Comparison of actual elevations measured at
the time of sample collection and predicted by the B-TF with 95% credible intervals. Dashed
line represents parity between actual and predicted elevations. (B) Difference between actual
and mean predicted elevations. MTL = mean tide level, MHHW = mean higher high water,
HOF = highest occurrence of foraminifera in the modern training set, SWLI = standardized

water level index.

Figure 4: Sea-level indicators and paleomarsh elevation (PME) reconstructions from PBA-4. (A)
Total organic carbon measured on bulk-sediment samples. (B) Relative abundance of the four
most common species of foraminifera. For consistency with the modern training set, counts of
Trochammina inflata and Siphotrochammina lobata were combined prior to analysis. Samples
represented by grey bars had counts of fewer than 50 foraminifera and were excluded from the
final relative sea level reconstruction. (C) Measurements of 8'°C in bulk-sediment samples
relative to the Vienna Pee Dee Belemnite (VPDB) standard. Shaded areas denote values
associated with environments dominated by C4 and Cs plant species. Symbol shading denotes the
prior constraint placed on PME in the Bayesian transfer function based on the modern distribution
of C4 and Cs plant communities on and around salt marshes in New Jersey, USA.

(D) Paleomarsh elevation (mean with 95% credible interval) estimated using the Bayesian
transfer function including the prior constraint provided by bulk sediment 5'°C measurements.

Symbol shading denotes the prior placed on each sample based on bulk-sediment §"°C

measurements. SWLI = standardized water level index, HOF = highest occurrence of
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s T = z -

fO

er high water. (E) Dissimilarity between core samples and their closest modern analogue in the
modern training set measured using the Bray Curtis metric. Dashed vertical lines represent
percentiles of dissimilarity measured for all possible pairs of modern samples. Core samples
exceeding the 20% threshold were excluded from the reconstruction (grey shaded area). The
10% threshold is shown for comparison. Symbol colors denote the site that provided the closest
modern analogue. CIC = Canfield Island Cove, PBB = Pelham Bay, HRM = Hammock River
Marsh, PAT = Pattagansett, MKA = Menunketesuk, ERM

= East River Marsh, EBD = East Branford, MC = Marsh Conservancy, GPE= Gulf Pond East,

DB = Double Beach.

Figure 5: Chronology for PBA-4. Measurement uncertainties are smaller than symbols. Shaded
envelopes represent the depth (with uncertainty) of each chronohorizon. Assigned ages with
uncertainty are listed. (A) Elemental and isotopic profiles used to identify regional-scale
pollution markers. (B) Suite of elemental profiles used to identify a local-scale pollution marker
caused by incineration of domestic waste at sites throughout New York City in the early 20™
century. (C) Recognition of a land-use marker horizon associated with clearance by European
settlers from pollen profiles and the down core concentration of titanium and potassium. (D)
Bchron age-depth model developed for PBA-4 (mean and 95% credible interval). Calibrated
(20) radiocarbon ages are represented by grey bars thicknesses that are proportional to their

probability. Inset shows last ~200 years in more detail.

Figure 6: (A) Annual sedimentation rates for core PBA-4 estimated from the suite of

chronologies generated by the Bchron age-depth model. Results are the mean (solid line) and
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ation rates from salt marshes in Connecticut, New York City and southern New Jersey.
Sedimentation rates were estimated by applying the same approach to each dataset. For clarity
of presentation only mean estimates are presented and details of sedimentation rates during the

past ~250 years are shown in detail in the inset panel.

Figure 7: Relative sea level (RSL) reconstruction from Pelham Bay in New York City. (A)
Proxy reconstructions are represented by boxes that encompass vertical and chronological
uncertainties. Only 1o uncertainties are shown for clarity, but subsequent analysis used the 26
uncertainties. Annual RSL measurements from The Battery tide gauge were reduced to decadal
averages (red line) and combined with the salt-marsh reconstruction from PBA-4 to provide a
proxy and instrumental record of RSL change in New York City. (B) Results from the Errors-in-
Variables Integrated Gaussian Process (EIV-IGP) model displayed as a mean with shading
denoting the 68% and 95% credible intervals. For clarity of presentation reconstructions are
represented by their mid points only. Vertical shaded regions show the timing of significant
change points at 1015-1238 CE and 1852-1911 CE (95% credible ranges). Red bars show timing
of historic change points identified in proxy RSL reconstructions from Connecticut (CT), New
Jersey (NJ), North Carolina (NC) and Florida (FL) and reported by Kemp et al. (2015). (C) Rate
of RSL change estimated by the EIV-IGP model presented as a mean with shaded 68% and 95%
credible intervals. Positive values refer to RSL rise. The green shaded envelope marks the
average rate of RSL rise measured by The Battery tide gauge from 1900-2012 and reported by
Kopp (2013), while the dashed red line marks the average linear rate of rise reported by the

National Ocean and Atmospheric Administration (NOAA). Dashed grey lines (mean) and
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) represent the regional background rates of late Holocene RSL rise estimated by Engelhart and
Horton (2012) for the Hudson River (1.25 + 0.1 mm/yr) and Long Island (1.0 + 0.3 mm/yr)

regions and attributed primarily to ongoing glacio-isostatic adjustment.

h

a

q Figure 8: (A) Great diurnal tidal range (mean lower low water to mean higher high water)
simulated for Kings Point using the Coastal Ocean model (open circles) with sea level varying

e

q from -2.5 m (shallower depths than present) to + 1.25 m (deeper than present). Historic
measurements from the Willets Point tide gauge (filled diamonds) are shown for comparison,

rg where measured relative sea level (RSL) change is assumed to correspond to a change in depth.

. (B) Effect of tidal-range change on the Pelham Bay RSL. The original RSL reconstruction
assumes a constant tidal range during the past 1500 years (open circles). This reconstruction was

: adjusted for non-stationary tides (filled circles) by using an assumed RSL history (dashed line) in

. which the pre-1850 trend is driven solely by glacio-isostatic adjustment at 1.2 mm/yr and the

. post-1850 trend is provided by RSL measurements at the Battery in New York City. A paleo tidal

. range was estimated for each year in the “base” RSL history using the tidal simulations for

( Kings Point under the assumption that RSL change caused a corresponding depth change in

" Long Island Sound. (C) Difference in RSL between the original reconstruction and the one

. conservatively adjusted for possible tidal-range change. (D) Percentage change in great diurnal

. tidal range (negative values indicate a smaller tidal range than present) simulated to occur at five

. tide-gauge locations when water depth is varied by -2.5 to + 1.25 m. The current range at each

. location is provided in the legend.
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26 Figure 1: (A-C) Location of the Pelham Bay study site in The Bronx, New York City (NYC) and National

27 Oceanic and Atmospheric Administration (NOAA) tide gauges (numbered blue circles in panel A). The inset

28 in panel A shows the location of NYC and other proxy relative sea level reconstructions (Connecticut, New
Jersey, North Carolina and Florida) on the U.S. Atlantic coast. (D) Sediment beneath the Pelham Bay salt

29 marsh described from cores recovered along two transects (A-A" and B-B’). Core number 4 (PBA-4) was
30 selected for detailed analysis because it included the thickest sequence of peat and was representative of
31 the stratigraphy at the site.
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Figure 2: (A) Relative sea level measured by tide gauges in New York City. Annual data from The Battery,
Willets Point and New Rochelle up to and including 2014 were downloaded from the Permanent Service for
Mean Sea Level. The Battery is located at the southern tip of Manhattan and measures RSL in New York
Harbor. The instruments at Willets Point and New Rochelle record RSL in Long Island Sound. Average RSL

over the period 1960-1969 CE is the reference period for each tide gauge series. Monthly data (January
1999 to December 2014) for Kings Point were downloaded from the National Ocean and Atmospheric
Administration and used to generate annual averages that in turn were referenced the RSL at The

Battery. (B) Correlation between tides measured at the Pelham Bay field site using an automated water
logger (relative to the North American Vertical Datum of 1988; NAVD88) and those measured by the NOAA
operated tide gauge at Kings Point with respect to local mean higher high water (MHHW). At Willets Point

MHHW lies 1.13 m above NAVDS8.
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47 Figure 3: Assessment of the Bayesian transfer function’s (B-TF) performance using cross validation. The
modern training set was comprised of 254 samples from 12 salt marshes (including Pelham Bay) on the
48 Long Island Sound coast of New York and Connecticut. (A) Comparison of actual elevations measured at the

49 time of sample collection and predicted by the B-TF with 95% credible intervals. Dashed line represents
50 parity between actual and predicted elevations. (B) Difference between actual and mean predicted
51 elevations. MTL = mean tide level, MHHW = mean higher high water, HOF = highest occurrence of
E% foraminifera in the modern training set, SWLI = standardized water level index.
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s,

Figure 4: Sea-level indicators and paleomarsh elevation (PME) reconstructions from PBA-4. (A) Total organic

carbo? mea,su,Fed on_bulk-sediment sarnples. (Bc? Relative abundance of the four most common species of
oraminifera. For consistency with the modern training set, counts of Trochammina inflata and

Siphotrochammina lobata were combined prior to analysis. Samples represented by grey bars had counts of
fewer than 50 foraminifera and were excluded from the final relative sea level reconstruction. (C)
Measurements of 813C in bulk sediment samples relative to the Vienna Pee Dee Belemnite (VPDB)

standard. Shaded areas denote values associated with environments dominated by C4 and C3 plant
species. Symbol shading denotes the prior constraint placed on PME in the Bayesian transfer function based

on the modern distribution of C4 and C3 plant communities on and around salt marshes in New Jersey,

USA. (D) Paleomarsh elevation (mean with 95% credible interval) estimated using the Bayesian transfer
function’including the prior constraint provided by bulk sediment’'d13C measurements. Symbol shading
denotes the prior placed on each sample based on bulk-sediment 813C measurements. SWLI =

standardized water level index, HOF = highest occurrence of foraminifera, MHHW = mean higher high water.
(E) Dissimilarity between core samples and their closest modern analogue in the modern training set
measured using the Bray Curtis metric. Dashed vertical lines represent percentiles of dissimilarity measured
for all possible pairs of modern samples. Core samples exceeding the 20% threshold were excluded from the
reconstruction (grey shaded area). The 10% threshold is shown for comparison. Symbol colors denote the
site that provided the closest modern analogue. CIC = Canfield Island Cove, PBB = Pelham Bay, HRM =
Hammock River Marsh, PAT = Pattagansett, MKA = Menunketesuk, ERM = East River Marsh, EBD = East

Branford, MC = Marsh Conservancy, GPE= Gulf Pond East, DB = Double Beach.
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Figure 5: Chronology for PBA-4. Measurement uncertainties are smaller than symbols. Shaded envelopes

represent the depth (with uncertainty) of each chronohorizon. Assigned ages with uncertainty are
listed. (A) Elemental and isotopic profiles used to identify regional-scale pollution markers. (B) Suite of

elemental profiles used to identify a local-scale pollution marker caused by incineration of domestic waste at
sites throughout New York City in the early 20th century. (C) Recognition of a land-use marker horizon
associated with clearance by European settlers from pollen profiles and the down core concentration of
titanium and potassium. (D) Bchron age-depth model developed for PBA-4 (mean and 95% credible

interval). Calibrated (20) radiocarbon ages are represented by grey bars thicknesses that are proportional
to their probability. Inset shows last ~200 years in more detail.
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Figure 6: (A) Annual sedimentation rates for core PBA-4 estimated from the suite of chronologies generated
by the Bchron age-depth model. Results are the mean (solid line) and 90% credible interval (5th to 95th
percentiles; shaded envelope). (B) Comparison of late Holocene annual sedimentation rates from salt
marshes in Connecticut, New York City and southern New Jersey. Sedimentation rates were estimated by
applying the same approach to each dataset. For clarity of presentation only mean estimates are presented

and details of sedimentation rates during the past ~250 years are shown in detail in the inset panel.
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Figure 7: Relative sea level (RSL) reconstruction from Pelham Bay in New York City. (A) Proxy .
reconstructions are represented by boxes that encompass vertical and chronological uncertainties. Only 1o
uncertainties are shown for clarity, but subsequent analysis used the 20 uncertainties. Annual RSL

measurements from The Battery tide gauge were reduced to decadal averages (red line) and combined with
the salt-marsh reconstruction from PBA-4 to provide a proxy and instrumental record of RSL change in New
York City. (B) Results from the Errors-in-Variables Integrated Gaussian Process (EIV-IGP) model displayed
as a mean with shading denoting the 68% and 95% credible intervals. For clarity of presentation
reconstructions are represented by their mid points only. Vertical shaded regions show the timing of

significant change points at 1015-1238 CE and 1852-1911 CE (95% credible ranges). Red bars show timing

of historic chan eCDoints identified in proxy RSL reconstructions from Connecticut (CTf) New Jersey (NJ),
North Carolina ?N ) and Florida (FL) and reported by Kemp et al. (2015). (C) Rate of RSL change estirmated

by the EIV-IGP model presented as a mean with shaded 68% and 95% credible intervals. Positive values
refer to RSL rise. The green shaded envelope marks the average rate of RSL rise measured by The Battery
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tide gauge from 1900-2012 and reported by Kopp (2013), while the dashed red line marks the average

linear rate of rise reported by the National Ocean and Atmospheric Administration (NOAA). Dashed grey
lines (mean) and shaded grey area (uncertainty) represent the regional background rates of late Holocene

RSL rise estimated by Engelhart and Horton (2012) for the Hudson River (1.25 = 0.1 mm/yr) and Long

Island (1.0 £ 0.3 mm/yr) regions and attributed primarily to ongoing glacio-isostatic adjustment.
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Figure 8: (A) Great diurnal tidal range (mean lower low water to mean higher high water) simulated for
Kings Point using the Coastal Ocean model (open circles) with sea level varying from -2.5 m (shallower
depths than present) to + 1.25 m (deeper than present). Historic measurements from the Willets Point tide
gauge (filled diamonds) are shown for comparison, where measured relative sea level (RSL) change is
assumed to correspond to a change in depth. (B) Effect of tidal-range change on the Pelham Bay RSL. The
original RSL reconstruction assumes a constant tidal range during the past 1500 years (open circles). This
reconstruction was adjusted for non-stationary tides (filled circles) by using an assumed RSL history (dashed

line) in which the pre-1850 trend is driven solely by glacio-isostatic adjustment at 1.2 mm/yr and the post-
1%50 trend is pr%vided by RSL measurementglatytr?e Battery in New%(ork City. A paleo t/izllal range w%s

estimated for each year in the “base” RSL history using the tidal simulations for Kings Point under the
assumption that RSL change caused a corresponding depth change in Long Island Sound. (C) Difference in
RSL between the original reconstruction and the one conservatively adjusted for possible tidal range
change. (D) Percentage change in great diurnal tidal range (negative values indicate a smaller tidal range
than present) simulated to occur at five tide-gauge locations when water depth is varied by -2.5 to + 1.25
m. The current range at each location is provided in the legend.
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[eNeNeNeNeoNeNeolNeoNeoNoNoNoNeoNeoNoNeoNeoNoNeoNeNeoNeoNolNolNoNolNoNolNolNoNoNoNoNoNoNoNe ol

oomoocoa':‘,Bmoooo-b(noooocﬁonaoooooooomoooopmmom%

HOLOCENE

Interpretation SWLI Prediction

Intermediate
Intermediate
Intermediate
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Below MHHW
Intermediate
Intermediate
Intermediate
Intermediate
Intermediate

http://mc.manuscriptcentral.com/holocene

105.46
113.06
105.57
89.49
88.65
88.92
88.65
89.48
88.32
88.17
87.88
89.77
87.20
89.45
84.33
88.02
87.14
87.43
88.65
87.12
90.52
90.12
90.43
90.29
90.28
91.11
88.51
90.35
91.54
91.30
90.12
89.92
90.86
142.57
94.88
110.46
105.14
101.91
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Intermediate 110.09
Intermediate 120.77
Intermediate 131.17
Intermediate 119.93
Above MHHW 110.96
Above MHHW 111.66
Above MHHW 116.07
Above MHHW 112.22
Above MHHW 142.29
Above MHHW 113.21
Above MHHW 112.87

Ahnvia NMEHBVA/ 112 292
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RSL Error (m, 20)
0.220
0.249
0.195
0.118
0.153
0.126
0.112
0.108
0.128
0.117
0.125
0.118
0.118
0.105
0.224
0.126
0.131
0.152
0.119
0.143
0.073
0.076
0.079
0.084
0.081
0.070
0.124
0.075
0.068
0.073
0.072
0.076
0.039
0.277
0.165
0.459
0.335
0.341

AD2.5
2006
2000
1985
1968
1966
1960
1958
1957
1955
1952
1947
1943
1940
1935

1929.775
1923
1918
1916
1915

1905.775
1893
1878
1866
1857
1847
1830
1820
1810
1790
1762

1710.775
1694
1673

1637.775
1611
1590
1575
1564

AD10
2003
1995
1980
1966
1965
1959
1957
1955
1953
1949
1944
1940
1937
1932
1926
1920
1914
1913
1911
1899
1882
1867
1857
1849
1840
1826
1813
1798
1777
1748
1692
1673
1654
1627
1601
1578
1564

1551.1

http://mc.manuscriptcentral.com/holocene

ADS50
1994
1986
1973
1965
1963
1956
1954
1952
1949
1943
1938
1935
1932
1925
1919
1912
1907
1905
1902
1874
1860
1852
1845
1838
1831
1813
1789
1766
1744
1704
1659
1644
1629
1609
1580
1556
1543
1533

HOLOCENE
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0.180 979 959 936
0.204 954 938 927
0.234 940 929 912
0.353 921 912 889
0.159 911 897 868
0.180 900 885 849
0.181 886 868 828.5
0.171 868 846 807
10 0.200 855 830 790
11 0.160 834 811 769
12 0.167 814 788.1 739

n171 701 7RR 711

©CoOoO~NOUOTA,WNPE
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O©oO~NO U1 hWN -

Depth (cm) 615N (%o)

1
4

7
10
13
15

18
21

24
27

30
33
36
39

42
45
48
50

51
52
53
54

55
56
57
58

59
60
61
63

67
70
73
76

79
82
85
88
91

94
97
100
103

106
109

112

6.16
5.79

531
5.00
4.54
2.70

1.89
3.59

1.63
0.79

0.69
-0.08
-0.51
-0.65

-0.24
-0.36
-0.30
-0.24

-0.39
-0.45
-0.46
0.01

0.32
-0.16
0.58
0.32

0.03
0.06
0.01
0.09

-0.07
0.04
-0.17
-0.28

-0.79
-0.36
-0.33
-0.45
-0.40

-0.30
-0.31
-0.68
-0.87

-0.95
-1.20

-1.12

613C (%)
-20.50
-19.33

-17.38
-16.79
-15.71
-15.64

-15.60
-16.39

-14.26
-13.81

-14.05
-14.04
-14.08
-14.05

-13.86
-13.95
-14.78
-14.66

-15.01
-14.81
-15.46
-16.58

-16.41
-15.47
-16.62
-16.08

-16.22
-16.34
-14.86
-16.93

-18.12
-20.40
-23.24
-23.28

-20.04
-18.30
-18.47
-19.04
-18.83

-20.33
-22.38
-21.89
-19.61

-19.54
-20.10

-16.91

% N
1.60
1.60

1.16
1.15
1.07
1.14

1.21
0.95

1.03
1.04

1.10
1.15
1.29
1.16

1.18
1.10
0.89
1.06

1.05
0.98
1.10
1.05

1.03
1.30
1.44
1.25

1.58
1.54
1.38
1.83

2.03
1.92
2.03
1.99

2.06
2.10
241
2.51
2.43

2.42
2.23
2.34
2.30

2.39
2.20

2.08

http://mc.manuscriptcentral.com/holocene

HOLOCENE
% N CN ratio
24.04 15.02
28.09 17.58
22.70 19.58
24.55 21.36
29.03 27.18
27.96 24.43
34.81 28.84
22.03 23.15
22.57 22.00
23.25 22.41
22.47 20.45
24.32 21.22
28.34 21.95
26.41 22.85
28.31 24.02
25.49 23.18
16.95 18.97
21.87 20.72
17.38 16.51
18.06 18.44
19.37 17.66
18.72 17.79
17.02 16.61
24.01 18.48
22.83 15.85
22.26 17.84
30.50 19.25
29.13 18.92
28.35 20.50
32.60 17.83
37.45 18.43
32.02 16.68
35.66 17.57
34.55 17.33
41.67 20.19
39.09 18.62
42.15 17.52
45,72 18.25
43.93 18.11
44.99 18.60
41.79 18.77
42.83 18.29
42.87 18.60
44.28 18.50
42.82 19.43
45.35 21.81
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1

2 115 -0.93 -15.14 1.89 45.70 24.16
3 118 -0.55 -15.28 1.90 39.62 20.83
‘51 121 2.66 -17.42 1.49 30.94 20.71
6 124 -0.21 -15.48 1.89 45.03 23.87
7 127 -0.10 -19.04 2.02 41.06 20.34
8 130 -0.41 -22.87 1.98 45.18 22.87
51’0 133 -0.41 -22.65 2.08 42.16 20.23
1 136 -0.17 -24.06 2.13 39.90 18.73
12 139 0.64 -24.76 1.99 34.90 17.55
13 142 0.46 -26.25 2.10 35.03 16.67
1‘; 145 0.37 -27.43 0.32 6.73 20.98
16 148 0.51 -27.34 0.82 16.98 20.78
17 151 0.10 27.72 0.93 27.49 29.66
18 154 0.39 -27.91 0.83 23.24 27.87
;g 155 0.77 -28.61 0.90 26.01 28.80
21 156 0.78 -27.98 0.86 20.90 24.43
22 157 1.17 -28.04 0.55 13.88 25.26
23 158 0.34 -28.25 0.62 17.53 28.35
;‘; 159 0.93 -27.87 0.25 7.24 28.50
26 160 1.37 -28.18 0.23 5.79 25.63
27 161 2.14 -28.53 0.25 6.08 24.44
28 162 217 -28.46 0.24 5.63 23.93
gg 163 211 -28.45 0.22 5.13 23.83
31 164 2.09 -28.50 0.22 5.25 23.93
32 167 3.63 -28.05 0.09 2.21 23.57
33 170 413 -27.36 0.07 1.52 21.53
34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
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Element
Detection Level (mg/kg)
Depth (cm)

1

O©CoOo~NoOUbhwWN

Li
<0.8
mg/kg
19.49

22.34
26.10
50.32
31.19
29.41

29.69
36.23
35.35
30.47
27.62
27.15
27.04
26.22
29.06
26.45
25.84
33.61
37.74
27.85
29.14
24.24
26.56
26.34
27.75
36.35
40.21
41.55
45.39

Be
<0.2
mg/kg
0.66

1.15
1.41
1.82
171
1.19

1.38
1.57
1.61
1.16
1.77
1.50
1.19
1.45
1.29
1.40
0.94
0.95
1.29
0.50
0.71
1.18
1.04
1.29
1.02
1.00
0.88
0.72
0.88

http://mc.manuscriptcentral.com/holocene

HOLOCENE
Na Mg
<45 <7
mg/kg mg/kg
62058.47 14527.42
58267.03 13628.87
51534.73 11773.49
38973.73 12129.70
40564.61 9158.72
39742.34 9429.88
39769.84 8830.58
36048.49 9928.96
36749.83 9898.74
40642.63 8297.56
44825.27 9262.02
44176.50 9748.58
50000.36 11631.27
48114.82 10780.27
50844.72 10200.50
52529.95 9714.70
54340.76 10422.01
51271.53 10830.39
49365.64 10582.26
52471.31 10220.54
55074.77 10342.63
58759.38 10591.48
59151.61 10474.38
59922.88 10471.91
67971.17 10643.12
76513.59 11772.86
72516.98 11901.42
74762.79 13742.39
57901.13 11330.30
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1

2 K Ca Ti \' Cr Mn

3 <23 <10 <0.6 <0.4 <0.3 <0.6

4 mg/kg mg/kg mg/kg mg/kg ma/kg mg/kg

5 11357.77 663642  1088.13 48.74 51.73 260.70

3 1247357 592509  1293.28 57.18 40.02 181.83

g 1314581 518474  1684.75 65.07 55.14 191.33

ﬂ 19271.34 499952  2712.23 94.97 94.48 272.22

12 1249020  3919.24 185256  130.70 59.44 152.05

12 1222490 396474 178225  159.01 60.67 143.89

1? 10667.85 395041 166623  133.92 53.62 123.93

18 13097.09 448078 208556  106.68 58.43 166.73

1o 12976.00 424886 212062  106.79 58.74 167.01

20 9825.63  3906.05  1578.53 84.89 43.95 105.88

o 994934  5036.04  1561.91 81.14 43.03 116.59

> 1024649  5528.63  1623.09 82.56 43.94 119.84

e 1272446 677213 187459 84.47 47.07 167.52

” 15527.30  6544.13  2318.59 69.95 49.91 135.46

e 16490.68  6024.00  2320.75 66.61 47.88 117.83

” 15860.88 542857 224521 63.17 46.66 106.83

- 1442097  5578.27  1918.68 57.04 42,57 101.74

58 1461821  5502.72  1933.96 58.11 42.00 134.62

5 11046.65  5059.14  1486.23 53.39 33.99 118.55
10376.60  5197.61  1354.90 56.40 31.56 91.70

30 12088.24 518585  1640.44 62.62 36.25 86.51

31 11763.38  5453.96  1579.06 71.70 36.33 72.78

32 1124516 526047  1553.01 68.88 36.22 78.53

33 11416.61  5398.79  1650.60 70.42 37.25 79.58

34 11022.64  5127.72  1608.74 64.71 37.96 69.70

35 12721.64  5431.67  1796.53 68.38 40.76 76.51

36 12897.82  5100.26  1835.74 62.07 39.40 77.28

37 14017.00  5556.31  1926.60 62.86 41.41 98.46

gg 11511.08  5143.19  1594.48 60.96 37.32 105.62

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59
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Cu
<0.07
ma/kg
47.39

48.05
71.30
102.94
92.80
110.95

113.14
99.11
98.60

122.38
91.43
89.81
41.75
39.30
40.36
42.43
35.92
19.24
13.76
10.99
10.93
11.49
10.77
11.00
11.23

8.75
7.95

7.14
01

6.83

Zn
<0.3
ma/kg
63.84

85.03
106.80
116.97

90.74

92.55

87.49
94.28
93.49
73.39
86.24
89.98
111.87
67.68
36.21
26.87
28.85
38.34
47.54
42.97
51.58
78.03
110.64
110.93
84.50
56.99
41.88

40.87
70 7R

12.70

Ga
<0.03
mg/kg

5.78

6.25
8.04
13.96
9.34
9.61

9.89
12.19
12.40
11.37
11.17
11.73
12.41
13.86
13.26
11.69

9.71

9.37

7.17

6.81

8.57

8.06

7.68

7.91

8.06

8.77

9.20

9.74
7 a2

3.24

As
<0.08
mg/kg

8.02

7.94

7.72

7.42
10.38
13.93

17.39
16.59
16.66
20.54
2331
23.72
28.38
13.37
10.72
8.14
10.86
11.20
11.10
9.99
8.13
10.43
10.02
9.88
8.88
7.02
6.43

5.59
473

1.35

http://mc.manuscriptcentral.com/holocene

HOLOCENE
Se Rb
<0.07 <0.05
ma/kg mg/kg
0.78 38.56
0.97 43.01
0.90 52.72
0.85 89.15
1.15 52.90
1.84 51.95
2.25 42.86
2.58 58.89
2.58 57.40
3.28 39.19
3.77 38.19
3.93 40.88
3.42 52.39
2.98 63.94
2.86 65.88
2.36 63.38
2.05 59.14
1.33 61.23
0.82 45.10
0.82 41.30
0.87 49.50
0.90 45.37
0.90 44.98
0.85 44.73
0.93 43.07
0.92 50.04
0.71 53.64
0.75 61.01
N |% 52 21
0.88 16.51

<0
mg
113

106

100

105

78.

80.

85.
92.
91.
84.
94.
96.
113
118
118
111
108
103
92.
93.
97.
100
97.
95.
96.
102
98.

104
a4

112.10

6.80

16.82
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57

58
59
60

6.83

12.70

3.24

1.35 0.88 16.51 112.10
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1 Mo Ag cd sn Sb Cs B:
9 <0.03 <0.09 <0.009 <0.04 <0.02 <0.03 <0.
3 ma/kg mg/kg mg/kg ma/kg mg/kg mg/kg mg/
4 4.89 0.26 0.54 5.19 1.15 1.71 125
2 5.42 0.22 0.77 6.60 0.84 2.00 139.
; 7.50 0.48 0.79 8.51 0.79 2.52 175.
?o 6.14 0.74 0.70 13.31 0.88 4.16 303.
g 9.31 0.60 0.77 14.49 1.94 2.61 184.
13 10.47 0.43 0.77 19.05 4.36 2.52 177.
15 10.60 0.51 0.73 18.60 2.46 2.11 153.
16 14.44 0.44 0.65 19.28 2.68 2.72 213.
17 14.23 0.44 0.66 20.29 3.08 2.75 206.
18 18.03 0.44 0.72 19.08 2.86 2.07 147.
19 11.74 0.21 0.97 14.46 2.11 2.01 142.
20 11.89 0.21 0.95 14.49 214 2.05 148.
21 5.86 0.14 1.24 15.76 1.65 258 177.
22 459 0.18 0.77 12.96 1.47 3.06 238.
23 475 0.19 0.45 8.71 1.29 2.87 257.
24 471 0.14 0.26 6.16 1.10 277 249.
25 4.69 0.20 0.23 4.33 1.03 2.46 215.
26 4.26 0.05 0.22 253 0.76 271 216.
217 5.57 0.04 0.27 151 0.81 2.05 154.
28 5.96 0.02 0.35 1.35 0.87 1.89 140.
29 6.86 0.02 0.56 1.69 0.87 2.23 171.
30 8.89 0.07 1.21 1.42 1.19 2.00 159.
31 9.43 0.00 1.61 1.53 1.27 1.87 149.
32 9.38 0.05 1.66 1.65 1.24 1.90 149.
33 9.49 0.04 1.08 1.49 1.15 1.96 142.
34 7.98 0.03 0.47 1.62 0.95 2.30 169.
35 5.94 0.07 0.31 1.53 0.64 2.55 174.
36 6.10 0.05 0.18 1.50 0.62 2.82 193.
37 12 A& nn? na” 120 N &2 2 RA 1R2
38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

58 5.63 0.01 0.13 0.48 0.12 0.63 72.43 9.46 16.68 2.35
59

60
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60

5.63

0.01

0.13

0.48 0.12 0.63 72.43
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Nd
<0.04
ma/kg
11.40

13.15
17.78
26.12
17.81
17.69

16.10
19.83
19.38
14.78
14.96
16.18
16.92
19.42
18.73
17.57
16.87
19.54
18.38
17.47
17.83
17.00

12.59
11.19
10.83
10.06
8.76
7.97
5.78
6.70
6.59
7.36
9.40

Sm

<0.02
mg/kg

2.27

2.65

3.53

5.09

3.51

3.54

3.28
3.83
3.77
3.02
3.05
3.05
3.45
3.70
3.78
3.44
3.62
3.92
3.65
3.63
3.75
3.43

2.45
2.29
2.13
1.99
1.74
1.50
1.15
1.28
1.19
141
1.72

Eu

<0.005
mg/kg

0.45

0.52

0.65

0.99

0.72

0.70

0.63
0.81
0.78
0.60
0.61
0.65
0.66
0.76
0.73
0.74
0.69
0.75
0.71
0.72
0.71
0.71

0.49
0.47
0.43
0.38
0.31
0.30
0.23
0.27
0.24
0.24
0.36

Tb

<0.004
mg/kg

0.26

0.29

0.38

0.57

0.41

0.39

0.38
0.47
0.44
0.34
0.38
0.36
0.39
0.42
0.39
0.36
0.38
0.42
0.43
0.44
0.42
0.41

0.31
0.27
0.25
0.23
0.20
0.18
0.14
0.15
0.14
0.15
0.22

http://mc.manuscriptcentral.com/holocene

HOLOCENE
Gd Dy
<0.004 <0.005
ma/kg mg/kg
1.80 1.47
2.04 1.65
2.75 217
4.04 3.14
2.93 2.39
2.85 2.33
2.72 2.23
3.24 2.64
3.12 2.65
2.45 2.08
2.60 2.16
2.63 2.23
291 2.27
3.00 2.37
2.90 2.36
2.59 2.15
2.65 211
294 2.37
3.02 2.57
2.89 247
2.96 2.49
2.88 237
2.23 1.88
1.97 1.64
1.78 1.53
1.58 1.38
1.44 1.23
1.28 1.02
0.97 0.85
1.08 0.91
1.05 0.80
1.18 0.97
1.56 1.33

Hc¢
<0.0
mg/
0.2

0.2
0.4
0.5
0.4
0.4

0.4
0.4
0.4
0.3
0.3
0.3
0.4
0.4
0.4
0.3
0.3
0.4
0.4
0.4
0.4
0.4

0.35
0.30
0.28
0.26
0.23
0.20
0.16
0.16
0.17
0.18
0.25

101
0.90
0.82
0.75
0.64
0.56
0.47
0.47
0.50
0.52
0.73

0.14
0.12
0.11
0.10
0.09
0.08
0.07
0.07
0.07
0.07
0.10
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47

48
49
50
51
52
53
54
55
56
57
58
59
60

12.59
11.19
10.83
10.06
8.76
7.97
5.78
6.70
6.59
7.36
9.40

2.45
2.29
2.13
1.99
1.74
1.50
1.15
1.28
1.19
141
1.72

0.49
0.47
0.43
0.38
0.31
0.30
0.23
0.27
0.24
0.24
0.36

0.31
0.27
0.25
0.23
0.20
0.18
0.14
0.15
0.14
0.15
0.22

http://mc.manuscriptcentral.com/holocene

2.23
1.97
1.78
1.58
1.44
1.28
0.97
1.08
1.05
1.18
1.56

1.88
1.64
1.53
1.38
1.23
1.02
0.85
0.91
0.80
0.97
1.33

0.35
0.30
0.28
0.26
0.23
0.20
0.16
0.16
0.17
0.18
0.25

1.01
0.90
0.82
0.75
0.64
0.56
0.47
0.47
0.50
0.52
0.73

0.14
0.12
0.11
0.10
0.09
0.08
0.07
0.07
0.07
0.07
0.10

0.89
0.77
0.71
0.64
0.56
0.54
0.44
0.45
0.41
0.45
0.64
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Lu
<0.003
mg/kg
0.09

0.11
0.13
0.20
0.17
0.16

0.14
0.18
0.18
0.16
0.13
0.16
0.15
0.15
0.16
0.15
0.15
0.16
0.15
0.17
0.14
0.16

0.13
0.11
0.11
0.09
0.07
0.07
0.06
0.07
0.05
0.06
0.09

Hf
<0.02
mg/kg

0.55

0.64
0.79
1.37
0.87
0.92

0.76
1.04
1.05
0.85
0.84
0.87
0.88
1.10
1.18
1.17
0.99
1.05
0.78
0.70
0.86
0.84

0.49
0.49
0.48
0.46
0.40
0.37
0.26
0.31
0.29
0.30
0.51

Ta
<0.02
mg/kg

0.25

0.30
0.38
0.61
0.41
0.39

0.36
0.44
0.44
0.35
0.33
0.33
0.39
0.53
0.54
0.51
0.43
0.44
0.33
0.30
0.37
0.35

0.19
0.24
0.20
0.19
0.17
0.14
0.10
0.13
0.12
0.12
0.14

w
<0.002
mg/kg
121

1.43
2.12
2.64
3.19
4.24

3.77
2.73
3.04
1.60
1.74
1.78
217
2.20
1.92
1.50
1.12
0.79
0.49
0.46
0.60
0.62

0.32
0.35
0.35
0.32
0.25
0.20
0.16
0.19
0.18
0.18
0.24
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Tl
<0.07
mg/kg

0.23

0.27
0.34
0.51
0.41
0.46

0.48
0.51
0.49
0.45
0.41
0.43
0.42
0.42
0.37
0.34
0.29
0.31
0.24
0.22
0.28
0.28

0.13
0.18
0.12
0.15
0.12
0.14
0.07
0.08
0.08
0.09
0.14

Pb
<0.05
mg/kg
74.94

105.05
188.26
209.69
291.42
298.12

263.37
181.58
180.82
169.90
157.68
157.99
121.37
100.57
79.89
51.97
58.24
58.54
74.33
76.78
80.70
98.22

8.33
6.44
5.09
4.50
6.16
4.26
3.82
4.71
4.75
6.04
7.01

Bi
<0.0C
mg/k
0.3¢

0.43
0.54
0.97
0.81
0.9¢

0.71
0.81
0.8C
1.0C
0.82
0.84
0.74
1.01
0.6¢
0.4¢
0.31
0.1€
0.1€
0.1t
0.12
0.17

0.03
0.03
0.02
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05

2.81
3.05
2.75
2.74
2.27
1.89
1.37
1.69
1.56
1.68
2.06

9.57
8.27
8.14
7.86
6.28
5.13
4.18
4.29
4.42
4.54
5.37

1.193
1.198
1.195
1.205
1.192
1.205
1.200
1.201
1.198
1.214
1.203
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48
49
50
51
52
53
54
55
56
57
58
59
60

0.13
0.11
0.11
0.09
0.07
0.07
0.06
0.07
0.05
0.06
0.09

0.49
0.49
0.48
0.46
0.40
0.37
0.26
0.31
0.29
0.30
0.51

0.19
0.24
0.20
0.19
0.17
0.14
0.10
0.13
0.12
0.12
0.14

0.32
0.35
0.35
0.32
0.25
0.20
0.16
0.19
0.18
0.18
0.24
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0.13
0.18
0.12
0.15
0.12
0.14
0.07
0.08
0.08
0.09
0.14

8.33
6.44
5.09
4.50
6.16
4.26
3.82
4.71
4.75
6.04
7.01

0.03
0.03
0.02
0.04
0.04
0.04
0.04
0.04
0.04
0.04
0.05

281
3.05
2.75
2.74
2.27
1.89
1.37
1.69
1.56
1.68
2.06

9.57
8.27
8.14
7.86
6.28
5.13
4.18
4.29
4.42
4.54
5.37

1.193
1.198
1.195
1.205
1.192
1.205
1.200
1.201
1.198
1.214
1.203
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137Cs

mBq/g
2.50
3.60
5.08
14.40
52.40
55.72
19.43
5.19
3.06
214
2.25
2.74

2.45
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L

Depth (cm) Pinus Quercus Carya Liquidamba Myrica S
2 125 30 24 1
5 151 20 24
8 76 48 16
11 54 85 24
14 32 66 12
1 35 69 14
20 109 5 88
10 26 63 34 52
11 29 53 39 32
12 32 66 52 34
13 35 67 67 27
14 38 a7 a7 38
15 41 43 48 24
16 44 40 55 29
a7 36 51 25
50 18 81 25

[~~ nn [o]e) 12

©CoOoO~NOUOTA,WNPE

SDWRONRPREPNOOOWREFLOOLR
VWRRPRPRPWOMNORORRENERLR
S OO OO OO0 OO0 R, OO0 0O R M

http://mc.manuscriptcentral.com/holocene



60

http://mc.manuscriptcentral.com/holocene



HOLOCENE Page 76 of 80

O©CoOoO~NOUTA WNPE

Ambrosia Asteraceae TCT Ericaceae Cyperaceae Typha Fabaceae olygonacea P03 PC3
11 4 0 0 1 0 1 0 0 1
12 11 1 1 1 3 0 0 0 4
12 4 0 0 4 1 0 0 2 2
26 10 0 0 1 3 1 0 1 1
42 13 1 0 4 1 0 0 1 1
55 10 0 0 5 1 0 0 0 0
27 9 0 0 1 1 0 0 1 0
74 8 0 0 1 0 0 0 0 0
113 5 0 0 1 0 1 0 2 1
72 6 0 0 2 0 0 0 2 3
54 3 0 0 0 0 0 1 1 5
49 2 0 0 0 0 1 0 1 0
60 2 0 0 1 0 2 0 2 1
46 0 0 0 0 1 0 0 0 0
57 2 0 0 1 0 0 0 1 1
60 3 0 0 0 0 2 0 1 2
23 6 0 0 3 0 1 0 0 2
10 7 0 0 3 3 0 0 1 1
4 10 1 0 31 3 0 0 2 0
3 13 0 0 32 0 1 0 0 0
0 7 1 0 110 0 0 0 0 0
11 8 0 0 61 0 1 0 0 1
2 1 0 1 25 0 0 0 0 3
4 6 0 0 4 0 0 0 2 3
36 15 0 0 22 0 0 0 0 1
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Osmunda Crumpled Betula Ulm
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Juglans

iriodendro rthenociss podium(nat fagus

o/C Rosaceae Coylus Vitis

Plantago

10
11
12
13
14
15
16
17
18
19
20
21

11

11

22
23
24
pdo)
£Z0
27
28
29
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31
32
33
34
35
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37
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39
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41
42
43
44
45
46
47
48
49
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51
52
53
54
55
56
57
58
59
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Picea tilia Artemesia Solanaceae IVA Tsuga Olaceae  Euphorb abies waltheria

0 0 0 29 12 2 1 0 0
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Depth (cm)
Elevation (m, MTL)
BP
Hs
JM
TiSL
TC
MF
AM
Rs
Al
MP
Interpretation
SWLI Prediction
195
u9s
RSL (m)
RSL Error (m, 20)
AD2.5
AD10
AD50
AD90

AD97.5
Pelham Bay d13C
Pelham Bay Pollution
Pelham Bay Pollen
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1

2 Measured depth in core

3 Sample elevation with respect to modern mean tide level at Pelham Bay
4 Balticammina pseudomacrescens

5 Haplophragmoides spp.

6 Jadammina macrescens

7 Trochammina inflata + Siphotrochammina lobata

8 Tiphotrocha comprimata

9 Miliammina fusca

10 Arrenoparella mexicana

11 Reophax spp.

12 Ammoastuta inepta

13 Miliammina petila

14 Prior information provided to Bayesian transfer function based on bulk-sediment §13C values. Intermediate indicates no additio
15 Standardized water level index predicted by Bayesian transfer function
16 Lower limit of the 95% confidence interval predicted by the Bayesian transfer function
17 Upper limit of the 95% confidence interval predicted by the Bayesian transfer function
18 Relative sea level with respect to present

19 Relative sea level uncertainty

20 Sample age (years AD), 2.5% confidence level

21 Sample age (years AD), 10% confidence level

22 Sample age (years AD), 50% confidence level

23 Sample age (years AD), 90% confidence level

24 Sample age (years AD), 97.5% confidence level

25 Downcore measurements of bulk-sediment 613C, 615N, %N, %C and C:N
26 Downcore elemental and isotopic data

%g Downcore pollen counts (raw abundance)

29

30
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32

33

34
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44
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52
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54

55

56

57

58
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